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Foreword 
 
The present dissertation, including five published (or accepted for publication) papers in 
journals indexed in the Science Citations Index (SCI) adjusts to regulation regarding PhD 
Thesis as a compendium of published papers, approved by Zaragoza’s University 
agreement concerning PhD Dissertations’ regulations (“Acuerdo de 20/12/2013 del 
Consejo de Gobierno de la Universidad de Zaragoza relativo al Reglamento sobre Tesis 
Doctorales”), requiring four published papers, with at least three in SCI journals. The 
main body of the dissertation has been written in English, as it is presented under the 
international mention (“Mención internacional en el título de doctor”) and had required 
two positive reports from experts from non-Spanish scientific institutions. 
 
 
Document structure 
 
The document has been structured with a general introduction, objectives statement 
and the justification of the thematic unity of publications (Chapter I) followed by a 
description of the study site (Chapter II) and of the methodology (Chapter III). 
 
The next section, corresponding to the five central chapters (IV, V, VI, VII y VIII) are the 
publications and they represent the partial objectives of the work. They are composed 
by an initial page with publication data (bibliographic reference, impact factor, and 
journal ranking in the Journal of Citations Report 2013, last available in the moment of 
submitting this dissertation) followed by the publication itself as it appears in the 
journal. Each paper has approximately the following sections: introduction, study site, 
methodology, results and discussion, and conclusions. These five chapters-publications 
are independent, although they relate each other since they have been developed in the 
same study zone and with the same global PhD Thesis objective. 
 
Finally, Chapter IX presents the joint discussion, integrating the results of the different 
publications, and the final conclusions of the PhD Thesis. 
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ABSTRACT 
 
Irrigated agriculture has many advantages such as increased productivity or reliable 
harvests, but it is also regarded as the main source of diffuse pollution. The objective of 
this work was to assess the evolution of the water use and the environmental processes 
regarding salinization and nitrate pollution after the shift from rainfed to irrigated 
agriculture in a small hydrological basin. 
 
The Lerma Basin (7.38 km
2
, Zaragoza, Spain) was monitored during the hydrological 
years 2004-2013, covering periods before (2004-2005), during (2006-2008) and after the 
implementation of irrigation (2009-2013) in half of the basin surface. The main 
monitoring point was the basin outlet, with discharge and water quality measurements. 
To increase the knowledge of the involved processes, several studies were carried out, 
including trends detection and quantification, stable isotopes analysis, 
hydrogeochemical characterization, assessment of the use of water in irrigation, and 
quantification of the mass of exported pollutants from the irrigable area. 
 
Irrigation implementation introduced a strong seasonal pattern in the detected trends, 
with annual values of 3.2 L s
-1
 for flow, -0.38 mS cm
-1
 in electrical conductivity (indicator 
of water salinity), and 5.4 mg L
-1
 in nitrate concentration, as a consequence of water and 
nitrogen fertilizers inputs. The annual loads of exported contaminants increased (salts 
and nitrates, 0.27 Mg ha
-1
 year
-1
, 2.6 kg NO3
-
-N ha
-1
 year
-1
). The water balances 
presented good results, with balance error of 1%, which allowed an adequate estimation 
of the irrigation performance. Irrigation efficiency reached 76%, while the loss due to 
evaporation and wind drift from sprinkler irrigation was 14% and drainage fraction 
reached 10%. Regarding the leaching of pollutants, the transformed area exported 
1.89 Mg ha
-1 
year
-1
 of salts and 11.4 kg ha
-1
 year
-1
 of nitrate-nitrogen under unirrigated 
conditions. With the implementation of irrigation, these amounts increased to 
3.51 Mg ha
-1
 year
-1
 of salts and 30.8 kg ha
-1
 year
-1
 of nitrate-nitrogen, values that are in 
the range of those recorded in other pressurized irrigated areas in the Ebro Valley. 
 
Thus, the implementation of irrigation imposed relevant hydrological changes in the 
Lerma Basin, increasing aquifer recharge, gully flow and mass of exported pollutants. 
Several natural and management factors may influence these processes, and their 
understanding is important in order to achieve a more efficient use of water and 
fertilizers, and an environmental friendly irrigated agriculture. 
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RESUMEN 
(Spanish abstract) 
 
La agricultura de regadío tiene muchas ventajas, como una alta productividad o 
cosechas más estables, pero también es considerada como la principal fuente de 
contaminación difusa. El objetivo de este trabajo fue estudiar la evolución en el uso del 
agua y los procesos ambientales relativos a la salinización y la contaminación por 
nitratos tras el cambio de secano a regadío en una pequeña cuenca hidrológica. 
 
La Cuenca de Lerma (7,38 km
2
, Zaragoza, España) fue monitorizada durante los años 
hidrológicos 2004-2013, cubriendo periodos antes (2004-2005), durante (2006-2008) y 
después de la transformación a regadío (2009-2013) de la mitad de su superficie. El 
principal punto de control fue la salida de la cuenca, con medidas de caudal y calidad del 
agua. Para profundizar en el conocimiento de los procesos implicados, se ejecutaron 
varios estudios, incluyendo detección y cuantificación de tendencias, análisis de isótopos 
estables, caracterización hidrogeoquímica, evaluación del uso del agua en el regadío y 
cuantificación de la masa de contaminantes exportados de la zona regable. 
 
La transformación al regadío introdujo una fuerte pauta estacional en las tendencias 
detectadas, con valores anuales de 3,2 L s
-1
 para el caudal, -0,38 mS cm
-1
 en la 
conductividad eléctrica del agua (indicador de la salinidad de la misma), y 5,4 mg L
-1
 en 
la concentración de nitrato, como consecuencia de las entradas de agua y fertilizantes 
nitrogenados. Las masas anuales de contaminantes exportados aumentaron (sales y 
nitratos, 0,27 Mg ha
-1
 año
-1
, 2,6 kg N-NO3
-
 ha
-1
 año
-1
). Los balances de agua presentaron 
buenos resultados, con un error global del 1%, lo que permitió una adecuada estimación 
de la calidad del riego. La eficiencia de riego alcanzó el 76%, mientras que las pérdidas 
de eficiencia se debieron a las pérdidas por evaporación y arrastre del riego por 
aspersión (14%) y al drenaje producido (10%). Respecto al lixiviado de contaminantes, la 
zona transformada exportó 1,89 Mg ha
-1
 año
-1
 y 11,4 kg ha
-1
 año
-1
 de sales y nitrógeno 
en forma de nitrato, respectivamente, bajo condiciones de secano. Tras la 
transformación al regadío, estas cantidades aumentaron a 3,51 Mg ha
-1
 año
-1
 de sales y 
30,8 kg ha
-1
 año
-1
 de nitrógeno en forma de nitrato, valores que están en el rango de los 
registrados para otras zonas bajo riego presurizado en el Valle del Ebro. 
 
Por tanto, la transformación al riego impuso importantes cambios hidrológicos en la 
Cuenca de Lerma, incrementando la recarga de acuíferos, el caudal en el barranco y la 
masa de contaminantes exportados. Varios factores naturales y de manejo pueden 
influenciar estos procesos, y su conocimiento es importante para alcanzar un mejor uso 
del agua y los fertilizantes, y una agricultura de regadío más sostenible. 
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INTRODUCTION 
 
 
 
1
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I. INTRODUCTION 
 
 
 
1.1. The expansion of irrigated agriculture 
 
More than 1.5 billion ha – about 12% of the world’s land area – are used at present for 
crop production (arable land plus land under permanent crops). Rainfed agriculture is 
the world’s predominant agricultural production system, but increasing climate 
variability is bringing greater uncertainty in the production levels. Current productivity in 
rainfed systems is, on average, little more than half of its potential (FAO, 2013). 
However, world agricultural production has grown between 2 and 4% per year over the 
last 50 years, while the cultivated area has grown by only 1% annually. More than 40% 
of the increase in food production has come from irrigated areas. 
 
Irrigated agriculture has many advantages over rainfed agriculture, such as increased 
productivity, higher diversity of crops, more reliable harvests, or regional economic 
security (e.g., Duncan et al., 2008). For these reasons, a global increase in irrigated 
surface has been observed, especially in developing countries, where it doubled 
between 1962 and 1998 (FAO, 2003a). However, many irrigation systems are currently 
performing far below their potential, and there is considerable scope for improving the 
productivity and efficiency of land and water use in agriculture (FAO, 2013). 
 
 
1.2. Environmental impacts of irrigated agriculture 
 
There is no question about the value of irrigated agriculture but there is an increasing 
trend to make it accountable for its impacts on the environment as well as to critically 
evaluate the water use in the agricultural sector compared with other competitive uses 
(Stockle, 2001). 
 
Agricultural land use is regarded as the main source of diffuse pollution (Novotny, 1999), 
and it has a wide range of associated environmental impacts such as changes in 
landscapes and plant and animal communities, and a deterioration of soil, water and air 
quality (Stoate et al., 2001). In fact, much of the land currently under agriculture is 
deteriorating due to inappropriate planning, implementation and management 
(Dougherty and Hall, 1995). Specifically, irrigated agriculture imposes severe pressure on 
3
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 the environment, as it accounts for the consumption of 70% of global water resources 
(FAO, 2003b). For instance, water abstraction and regulation for irrigation purposes 
changes hydrological conditions in dam-regulated rivers (Graf, 2006), or overexploited 
aquifers (Custodio, 2002). These pressures impact on water resources in qualitative and 
quantitative ways (e.g., Kurunc et al., 2005). 
 
Apart from the effects on the irrigation water withdrawal location, the irrigation return 
flows can also cause hydrological changes in the receiving water bodies. This is one of 
the reasons why organizations such as the US Environmental Protection Agency see 
irrigated agriculture as the main source of water pollution (US EPA, 1992). Specific 
problems in waters downstream of the irrigated agricultural areas are related to erosion 
(García-Ruíz and López-Bermúdez, 2009), salt leaching (Duncan et al., 2008), nitrate 
leaching (Quemada et al., 2013), phosphorus leaching (Skhiri, 2011), or pesticides (Klaus 
et al., 2014). In particular, irrigated agriculture possess an enhanced impact in water 
bodies receiving irrigation return flows, both in surface waters (Barros et al., 2012a, 
2012b; Causapé et al., 2004a, 2004b; García-Garizábal et al., 2012, 2014) and in 
groundwaters (Andrade and Stigter, 2009; Arauzo et al., 2011; Ibrahikmovik et al., 2011; 
Stigter et al., 2006). 
 
Among the main environmental impacts, the adequate use of water (Causapé, 2009a) 
and the leaching of salts (Duncan et al., 2008) and nitrate (Quemada et al., 2013) have 
special interest for their relevance in irrigated areas and are dealt with in the following 
sections. 
 
 
1.3. Hydrological alterations in irrigated basins and irrigation efficiency 
 
The progressive water scarcity reported in many areas of the globe implies a great effort 
in the assessment of the different water uses. Irrigated agriculture is recognised as the 
main consumer of water resources worldwide (FAO, 2003b) and consequently, several 
studies have been published about the efficiency of the use of water in irrigated 
agriculture (e.g., Skhiri and Dechmi, 2012; Soto-García et al., 2013; Van der Kooij et al., 
2013). 
 
An additional problem is related to the transformation from rainfed to irrigated land, 
which is usually implemented in arid to semi-arid areas, as it severely modifies the water 
balance of a hydrological basin. Irrigation water is usually applied over the crops water 
requirements, what produces additional aquifer recharge and, therefore, higher base 
flow in groundwater dependant streams. For instance, Scott et al. (2011) reported the 
essential role irrigation played over the perennial existence of small lakes in Uzbekistan. 
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Therefore, the amount of water reaching ground- and surface water is greatly affected 
by the efficiency of the use of irrigation water. As an example, Jia et al. (2013) reported a 
decrease on the surface of wetlands after an increase in the efficiency of irrigation 
systems in China. An increased efficiency would have consequences both on individual 
farmers –water saving– and on the basin water management authority –modification of 
effects downstream. 
 
Moreover, irrigation efficiency has influence in the transport of solutes and particles by 
water, and therefore, it severely affects the leaching of pollutants. 
 
 
1.4. Salt leaching from irrigated areas 
 
Although necessary for agriculture in semi-arid to arid environments, irrigation water 
can add salts or mobilize the salts stored in soils and geological materials. Additionally, 
the application of agrochemicals can influence the water quality by adding solutes and 
by enhancing the natural weathering (Koh et al., 2007; Kume et al., 2010). 
 
The leaching of salts is a requirement of irrigated agriculture (Corwin et al., 2007; Letey 
et al., 2011) as the accumulation of salts in soils profiles is deleterious for plants, 
reducing the productivity and even, in extreme situations, forcing the abandonment of 
cultivation. However, in many occasion the leaching of salts overpasses this 
requirement. The implementation of irrigation can mobilize salts long stored in the soil 
profiles (García-Ruíz and López-Bermúdez, 2009) or present in the subsurface (Richter 
and Kreitler, 1991). 
 
The actual amount of leached salts depends on several factors such as climate, 
hydrogeological conditions or irrigation management (Causapé et al., 2004b; García-
Garizábal et al., 2012; Isidoro et al., 2006). Eventually, leached salts will reach a water 
body modifying its salinity. In this sense, salinization of water bodies represents a 
significant risk in water systems regarding suitability for irrigation (Tanji, 1990), water 
supply systems and other human uses (Peck and Hatton, 2003) or ecosystems health 
(Nielsen et al., 2003). 
 
Groundwater salinization by agricultural practices has been widely reported all around 
the world (e.g., Koh et al., 2007; Stigter et al., 2006; Yuce et al., 2006). In particular, 
irrigated agriculture represents an enhanced pressure on the hydrological system 
receiving irrigation return flows and may induce groundwaters and surface waters 
salinization (e.g., Duncan et al., 2008; Isidoro et al., 2006). In any case, the interaction 
between ground and surface waters adds complexity to the behaviour of these 
hydrological systems. On the other hand, salinization in irrigated areas may also be 
5
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 related to natural ongoing processes which may, to a certain degree, be enhanced by 
the addition of irrigation water (Isidoro et al., 2006; Tedeschi et al., 2001) or be a direct 
consequence of the irrigation itself (Stigter et al., 2006), since the dominating 
salinization processes are very site-specific (Duncan et al., 2008). 
 
As a consequence, the long-term sustainability of agriculture greatly depends on 
protecting land and water resources from salinity (Thayalakumaran et al., 2007). Thus, a 
deep knowledge of the local hydrological conditions and processes controlling 
salinization is required to understand the feasible actions to take in order to mitigate 
impacts on water resources systems. 
 
 
1.5. Nitrate leaching from irrigated areas 
 
Nitrogen is applied to crops normally in excessive amounts and then it is leached from 
the soils during the main rain events, although the proper irrigation water can also 
produce nitrogen leaching (García-Garizábal et al., 2012; He et al., 2012; Quemada et al., 
2013; Tan et al., 2013). Additionally, the availability of irrigation water produces changes 
in the strategies of farmers, who tend to grow more productive crops and, thus, to 
increase fertilization rates (Gaydon et al., 2012). 
 
Nitrate pollution is a major concern in agricultural areas since high nitrate 
concentrations have long been regarded as a threat for human health and ecosystems 
(Fan and Steinberg, 1996; Höring and Chapman, 2004; Sutton et al., 2011). Nitrate 
pollution is indeed aggravated by the fact that other nitrogen forms (such as organic N 
or ammonia) are also present in waters but they are not considered in most cases, 
neither in legislation (e.g., Nitrates Directive, OJEC, 1991) nor in environmental studies 
(Durand et al., 2011). 
 
Great increases of nitrate concentration have been linked to irrigated agriculture all 
around the world in groundwaters (e.g., Stigter et al., 2006; Thayalakumaran et al., 
2008) and surface waters (e.g., Lassaletta et al., 2009). Despite the fact that nitrate 
leaching varies considerably with climatic conditions (Elmi et al., 2004), the actual 
impact of nitrogen pollution on surface and groundwater depends on specific features of 
the area such as the soil types (Arauzo and Valladolid, 2013; Kyllmar et al., 2014), the 
presence of reducing conditions in aquifers (Rivett et al., 2008; Thayalakumaran et al., 
2008) and the irrigation/fertilization management (Schepers et al., 1995, Causapé et al., 
2004b). Thus, an understanding of the fate of nitrate in natural waters is vital for 
managing risks associated with nitrate pollution, and to safeguard groundwater supplies 
and dependent surface waters. 
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1.6. Irrigated agriculture environmental impacts in the Ebro Basin (Spain) 
 
In Spain, the increase of irrigated area has been moderate but significant, with 7% more 
irrigated land between 1990 and 2009 according to the Spanish Ministry of Agriculture, 
Food and Environment (“Ministerio de Agricultura, Alimentación y Medio Ambiente”). 
Irrigated agriculture has been a key factor in the agrarian Spanish system (MAAMA, 
2014) as it provides more than 50% of the final agrarian production with only 13% of the 
surface. An irrigated hectare produces, on average, six times more than a rainfed 
hectare, and generates four times more income. 
 
The Ebro Basin (85,569 km
2
, north-east Spain) presents a high level of human 
interference, with 3.2 million inhabitants, reservoirs volumes of 7,580 hm
3
, and more 
than 680,000 ha dedicated to irrigated agriculture use (CHE, 2009a). The main use of 
water is for irrigated agriculture, with more than 6,000 hm
3
 year
-1
 being extracted. In 
fact, all other uses together (human consumption, industrial, etc.) do not exceed 
1,000 hm
3
 year
-1
. 
 
Environmental problems related to irrigated agriculture, such as salinization and nitrate 
pollution, are openly recognized by the Ebro Basin Hydrological Authority (CHE, 2006, 
2009b). In particular, the Arba River, one of the Ebro’s tributaries, presented the highest 
increase in salinity and nitrate concentrations in the Ebro Basin, during the period 1975-
2004 (CHE, 2006). This river was also the first surface water body declared as affected by 
nitrate pollution by the Ebro Basin Hydrological Authority (MMARM, 2011). 
Consequently, large areas of the Arba Basin were designated as Nitrate Vulnerable 
Zones in 2008 by the Regional Government (BOA, 2009), according to the Spanish 
legislation and following the European Council Directive 91/676/EEC (OJEC, 1991) 
concerning the protection of waters against pollution by nitrates from agricultural 
sources. The indications and implications of this directive were included in the posterior 
Water Framework Directive (OJEC, 2000) and Groundwater Directive (OJEU, 2006). 
 
The Lerma Basin is a small hydrological basin (7.38 km
2
) draining to the Arba River. The 
main land use is irrigated agriculture (48%) and it has experienced recently the 
transformation from rainfed to irrigated agriculture. The environmental monitoring of 
the basin began two years before the implementation of irrigation. Therefore, it is an 
extraordinary natural laboratory to study the previously stated problems. The present 
study expands the knowledge generated in previous works (Abrahão, 2010; Abrahão et 
al., 2011a, 2011b, 2013) by the use of new approaches and the longer data series 
provided by the on-going monitoring of the catchment, with the added value of this fact 
in any hydrological study. The Lerma Basin is deeply described in Chapter 2 of the 
present dissertation. 
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 1.7. Objectives of the research 
 
1.7.1. PhD Thesis Objective 
 
The general objective of this Thesis was to assess the evolution of the agro-
environmental impact of an area over the water resources after its transformation from 
rainfed to irrigated agriculture. The specific objective is to study the effects on the water 
use, the salinization and the nitrate pollution, together with increasing the knowledge of 
the hydrological processes controlling this impact. This objective is consistent with the 
recommendations of local water authorities (CHE, 2006) which suggest the need for 
increasing knowledge of water bodies with quality problems in order to create 
management strategies that will allow improving the control of water resources quantity 
and quality at the basin scale. 
 
1.7.2. Partial Objectives 
 
The partial objectives, coinciding with those dealt with in the different publications, 
were: 
 
• To analyse the effects of irrigation implementation on the hydrology of a 
gully (relationships and trends in flow, water quality and contaminant loads) 
(Paper I). 
• To determine the causes of these dynamics through the assessment of stable 
isotopes data of both shallow groundwater and surface water (Paper II). 
• To identify the geochemical processes controlling the salinization of this gully 
and to elucidate if they are related to natural or anthropogenic factors 
(Paper III). 
• To assess the evolution of the irrigation performance in an area transformed 
from rainfed to pressurized irrigated agriculture (Paper IV). 
• To assess the evolution of salt and nitrogen pollution induced by this new 
irrigated area (Paper V). 
 
1.7.3. Thematic unity of the published papers 
 
All the studies, conducted to fulfil the partial objectives of this Thesis, were carried out 
in the same study zone (Lerma Basin, Zaragoza, Spain) and they aimed, as a whole, to 
obtain a deeper knowledge of irrigated agriculture environmental impacts on water 
resources focusing on salinization and nitrate pollution processes. 
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2.1. Geographic location 
 
The study zone is the hydrological basin of the upper section of Lerma Gully, 
inside the municipality of Ejea de los Caballeros 
Community, Spain). It is located 
covers a great proportion of 
Basin is located between coordinates X = (654,407 m, 658,587 m) and Y = (4,655,712 m, 
4,658,407 m) in the ETRS 1989 
7.38 km
2
, with about 4.5 km 
2 km wide. Altitudes range from 335 to 495 m above sea level. 
drain to the Arba River, one of the main tributaries of 
 
 
Fig. 2-1. Geographic location of the Lerma Basin inside Arba and Ebro River Basins
areas and rivers (elaborated from data obtained 
II. STUDY ZONE
(Zaragoza province, Aragón Autonomous 
on the left bank of the middle Ebro River Valley
the north-eastern area of Spain; Fig. 2-1)
projection (UTM Zone 30N). The area of the basin is 
long (from East-Southeast to West-Northwest)
The Lerma Gully waters 
the Ebro River. 
, 
from Confederación Hidrográfica del Ebro
www.chebro.es). 
 
placed 
 (which 
. The Lerma Gully 
 and around 
 
and the main urban 
, CHE, 
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 2.2. Climate 
 
2.2.1. Historic information 
 
Historical information about the climate is available for the municipality of Ejea de los 
Caballeros, located around 8 km away from the study zone. According to the Spanish 
National Meteorology Agency (AEMET, 2011), for the period between 1971-2000, the 
climate in Ejea de los Caballeros has had influence of cold steppe and temperate with a 
dry season and a hot summer of Köppen classification. In general it is characterized as 
Continental to Mediterranean, with extreme temperatures and irregular and scarce rain. 
Average annual temperature is 14 °C, with January and February as the coldest months 
(average below 5 °C). The hottest months are July and August (average over 23 °C). 
 
Historical annual rainfall in Ejea de los Caballeros is 468 mm. Summers are dry, only 
wetted by occasional storms. Wind is a characteristic meteor in the study area, with the 
so-called “cierzo”, a northwest-to-southeast wind that follows the topographic low of 
the Ebro River Valley and can reach speeds up to 90 km h-1. 
 
2.2.2. Climate during the study period 
 
The average annual rainfall for the period 2004-2013 was 382 mm with a high annual 
variability (coefficient of variation: CV = 31%). A typical year consists of two dry seasons 
(summer and winter) and two wet seasons (spring and autumn; Fig. 2-2). 
 
 
 
Fig. 2-2. Monthly average precipitation (P) and reference evapotranspiration (ET0) during the study period 
(2004-2013). 
 
The average reference evapotranspiration (ET0) calculated by Penman–Monteith 
method (Allen et al., 1998) was three times higher (1307 mm year-1) and much less 
variable (CV = 6%) than precipitation, and not evenly distributed along the year (Fig. 2-
2). 75% of ET0 occurred between April and September, coinciding with the driest 
months, which made irrigation a requirement in order to achieve productive agriculture. 
0
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2.3. Geology 
 
2.3.1. Geological context 
 
The surface covered by the Lerma Basin is located in the central area of the Tertiary Ebro 
Basin. The Ebro Basin was endorrheic from the early Oligocene to the Upper Miocene, 
receiving continental sediments from the surrounding mountain ranges: the Pyrenees in 
the north, the Iberian Chain in the south and the Catalanides in the southeast. 
Therefore, the main depositional facies in the Lerma Basin area are of lacustrine origin, 
such as marls and marly limestones originated in the Castejón Mountains, the higher 
relief in the study area. 
 
2.3.2. Lerma Basin Geology 
 
The study zone is in the northernmost area of the so-called Hoya de Ejea, located 
between two ranges of mountains: Pie de Monte Pirenaico (to the north) and Sierras 
Calcáreas Centrales of the Ebro Depression (to the southeast). Inside the study zone, the 
main relief corresponds to the Castejón Mountains and it is located in the southeast 
area (Figure 2-3). 
 
Inside the surface of the Lerma Gully Basin, outcropping materials belong to Tertiary and 
Quaternary ages. According to mechanical boreholes carried out in the surrounding 
areas, the Tertiary materials (66% of the basin surface, Fig. 2-3) correspond to Miocene 
and are composed by about 1000 m of alternating gypsum, clay and silt materials of 
brown and gray colours, with occasional intercalations of fine limestone layers 
associated with gypsum and local presence of sandstone paleocanals (ITGE, 1988). The 
detectable structure in the Tertiary materials is simple, with subhorizontal layers with a 
maximum dip of 8°, presenting minimal deformation despite of its proximity to the 
Pyrenean Orogene. 
 
Overlapping the Tertiary, glacis materials (34% of the basin surface, Fig. 2-3, Fig. 2-4) 
were deposited unconformably at the end of the Pleistocene period. These deposits 
have their origin in the Castejón Mountains. They are composed by calcareous pebbles 
and gravels, sand, silt and clay. Pebbles and gravels have generally small size (2-3 cm) 
and sharp shapes, but occasionally bigger size pebbles are present (up to 0.5 m). These 
materials present cross beddings and clay, silt and sand intercalations, with some silt-
clayey matrix. The depth of these deposits ranges from near 0 m in the proximities of 
the contact to the Tertiary materials up to 12 m in the centre of the glacis bodies (Plata, 
2011). 
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Fig. 2-3. Outcropping materials of Lerma Basin (elaborated from data obtained at Geological Survey of 
 
The current drainage network has excavated gullies in the glacis so that the Tertiary 
materials are exposed (Fig. 2
independent. Finally, Holocene valley fillings and low entity alluviums represent the
most recent Quaternary materials.
 
2.3.3. Hydrogeology 
 
The permeability in the Tertiary materials is low
present in the calcareous materials (mainly 
disposition of low thickness limestone levels along with its horizontality provide its 
scarce hydrogeological possibilities, since permeability in normal direction to 
stratification is determined by low permeability layers (Custodio 
clay is the main component of the non calcareous levels. In the direction parallel to
stratification, the discontinuity in the fractures system make
fluxes hard. Therefore, in this study, Tertiary materials are considered impervious, since 
possible flow through them
water balance in the basin. Similar approaches were
geological context (e.g., Casalí et al., 2008, 2010).
 
On the other hand, Quaternary is composed by high permeability materials which 
constitute intergranular porosity aquifers. The different glacis bodies suppose 
independent perched and free aquifers that provide water for adjacent gullies. The
thickness of the Quaternary materials has been estimated with a maximum of 12 m 
although the common thickness ranges between 1 and 6 m (Plata, 2011). Permeability in
 
Spain, IGME, www.igme.es). 
-3). These gullies made the different glacis bodies 
 
 and it is associated to 
in the higher part of the basin). Alternating 
and 
s the existence of significant 
 is negligible in comparison with other components of the 
 taken in other studies with similar 
 
 
 
the fractures 
Llamas, 1983), and 
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Fig. 2-4. Detail of the contact between Tertiary and Quaternary materials in an exposed road slope. 
 
this small-sized aquifers ranges from 1 to 10 m day-1 and the effective porosity from 1 to 
5% (values obtained from pumping and slug tests performed in the framework of this 
study, A. Azcón, pers. comm.). 
 
Precipitation and irrigation waters infiltrate through Quaternary materials down to the 
Tertiary materials where they flow horizontally. The main flow direction in the basin is 
SE - NW, following the network of gullies, and it is determined mainly by the slope of the 
outcropping materials. Groundwater seeps to the surface through the contact between 
Quaternary and Tertiary and it feeds a network of gullies. This network of gullies crosses 
Lerma Basin from east-southeast to west-northwest (Fig. 2-3). 
 
 
2.4. Edaphology 
 
Soils developed on the Quaternary materials (Calcixerollic Xerochrepts, Soil Survey Staff, 
2014) display loamy textures, with an effective depth of 60–90 cm. Its salinity (electrical 
conductivity of the saturation extract: ECe <4 dS m
-1) and small risk of erosion (slope 
<3%) identified these zones as suitable for conversion into irrigated land (Beltrán, 1986), 
and therefore most of the irrigation surface covers the Quaternary surface. 
 
In contrast, soils developed in the valleys of the Lerma Basin (Typic Xerofluvent, Soil 
Survey Staff, 2014) have a lower effective depth (between 30 and 45 cm), limited by 
17
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 limestone or tabular gypsum levels, which provides slow drainage. Higher salinities (ECe 
between 4 and 8 dS m
-1
) and steep slopes (>10%) were the reasons why this Tertiary 
valleys were classified as not appropriate for irrigation (Beltrán, 1986). The high salinity 
of Tertiary materials is inherited, since it comes from sediments deposited in drying lake 
conditions in the centre of the Ebro Depression. For instance, there is a significant 
presence of soluble sulphate-bearing minerals in the basin, with tabular and nodular 
gypsum in a well-defined stratum (Fig. 2-3); gypsum is also present in other lythologies 
as cement (ITGE, 1988). 
 
 
2.5. Agronomy 
 
2.5.1. The transformation of the Lerma Basin 
 
Before irrigation implementation, main crops in the study area included wheat and 
barley, which were seeded in winter and harvested in June or July. Their production 
relied on meteorological conditions, with good harvest in wet years. During the early 
2000’s, half of its surface was projected to be transformed in irrigated land with water 
coming from the Yesa Reservoir, located in a neighbour hydrological basin (Aragón River 
Basin). An interruption in the rainfed agriculture occurred between 2003 and 2005 as a 
consequence of irrigation implementation works (new plots distribution, building of 
ways, main pipe network and ponds installation). 
 
Once the main irrigation network was installed, individual farmers equipped their plots 
for pressurized irrigation, depending on the date of plot assignation or availability of 
funds. Consequently, irrigated surface increased gradually between 2006 and 2013 (Fig. 
2-5, Table 2-1). The main increase was observed between 2006 and 2008, although the 
complete transformation was not reached until 2013 (352 ha), the last year included in 
this study. Maize (44%), winter cereals (19%), sunflower (9%), pea (9%), and tomato 
(6%) were the main crops in the area (Table 2-1). 
 
2.5.2. Irrigation practice 
 
During spring and summer, Lerma Basin receives water from the Yesa Reservoir (Fig. 2-6) 
via the Bardenas irrigation channel. These waters present good-quality for irrigation as 
they come from the Pyrenees (northeast Spain), presenting electrical conductivity 
(indicative of water salinity) below 0.4 dS m
-1
 and Sodium Adsorption Ratios of c.a. 0.3, 
what represents very low sodium hazards. 
 
Sprinkler irrigation is the predominant system, accounting for 93% of the irrigated 
surface. Drip irrigation is used for the rest of the area (mainly for tomatoes and almond 
trees). Irrigation water rates (average of 5,680 m
3
 ha
-1
) were influenced by the annual
18
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distribution of crops and its water requirements, along with the presence of double 
cropping (average of 16% of the cultivated surface, Table 2-1). Irrigation applied to 
maize, winter cereal and vegetables averaged 740, 160 and 552 mm year-1, respectively. 
The irrigation volume applied to crops varied depending on water availability in the 
different years, but the total amount of irrigation for the entire basin increased 
progressively, stabilizing approximately at 2 hm3 year-1. 
 
 
 
Fig. 2-6. Yesa reservoir, origin of irrigation water of Lerma Basin (picture downloaded from 
www.turisbox.com). 
 
2.5.3. Nitrogen fertilization 
 
Nitrogen fertilization applied to each crop was rather variable depending on the 
expected productions and weather conditions, among other factors. Fertilization of 
maize represented an average of 352 kg N ha-1 year-1. The general agronomic 
management during the irrigated period consisted on sowing fertilization with 
compound fertilizers (NPK, mainly 8-15-15 and 15-15-15), followed by multiple 
applications of liquid fertilizers (32% N: 16% urea and 16% ammonium nitrate). Winter 
cereals (wheat and barley) received 143 kg N ha-1 year-1 distributed between the first 
applications in compound fertilizers a few days before sowing, and the remainder in the 
form of urea in early spring. Fertilization of tomato was characterized by frequent 
applications of small rates throughout the cycle, with the aim of overcoming the 
different nutritional requirements of each vegetative stage. Compound fertilizers and 
liquid fertilizers (fertigation through drip irrigation) were mainly used, with a 
contribution up to 124 kg N ha-1 year-1. Finally, sunflower received an average of 
104 kg N ha-1 year-1 through two applications, the first before sowing and a side-dressing 
in early June. 
 
The remaining crops constituted a minority in the Lerma Basin, in part associated with 
double cropping of a plot in the same year. The main associations were peas with either 
maize or sunflower, and winter cereal with sunflower, maize or other summer crop. 
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When a winter cereal was followed by maize cultivation in the same year and plot (Fig. 
2-7), N fertilization reached 410 kg N ha-1 year-1. The application of organic fertilizers 
such as manure or pig slurry was minimal, not used systematically and only in a few 
plots (farmers surveys). 
 
 
 
Fig. 2-7. A typical example of double cropping with recently sowed maize over the residues after winter 
cereal harvest. 
 
 
2.6. Environmental issues in the Lerma Basin 
 
As mentioned in Chapter 1, environmental problems related to irrigated agriculture, 
such as salinization and nitrate pollution, are openly recognized by the Ebro Basin 
Authority (CHE, 2006, 2009b). Specifically, Arba River, the tributary of the Ebro River 
which receives Lerma Gully waters, is the river that presented the highest increase in 
salinity and nitrate concentration in the Ebro Basin during the period 1975–2004 (CHE, 
2006). In fact, the Arba River was the first surface water body declared as polluted by 
nitrate in the entire Ebro Basin (MMARM, 2011). 
 
For this reason, all the agricultural area inside the municipality of Ejea de los Caballeros 
included in the land registry as irrigated (including the irrigated surface of the Lerma 
Basin) were designated as vulnerable area to nitrate pollution in 2008 (BOA, 2009), 
according to Spanish legislation following the European Council Directive 91/676/EEC 
(OJEC, 1991) concerning the protection of waters against pollution by nitrates from 
22
Hydrological Assessment of a Newly Implemented Irrigated Area in Spain: 
          Salinization and Nitrate Pollution from Irrigation Return Flows
  
agricultural sources. Additionally, an increase in the knowledge on water bodies 
suffering severe water quality problems has been considered paramount by the Ebro 
Basin Water Authority (CHE, 2006). 
 
In the study presented here, the agro-environmental monitoring of water use, 
salinization and nitrate pollution processes were investigated for the period 2004-2013. 
Other environmental problems of irrigated agriculture have been studied in the Lerma 
Basin but are not included in this work. For instance, Lorente et al. (2014), Abrahão et al. 
(2013), and Skhiri and Dechmi (2012) studied pesticides, heavy metals and phosphorous 
problems, respectively. 
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In this section, the methodologies used in this PhD Thesis are presented. 
sake a general overview of 
information can be found 
 
 
3.1. Meteorological data (all 
 
Meteorological data for the study zone
belonging to the Irrigation Integrated Advisory Serv
Asesoramiento al Regante
the Agriculture, Livestock and Environment Department (
Ganadería y Medio Ambiente) of Aragón Government.
 
 
Fig. 3-1. Location of agro
 
The stations included in this network provided daily precipitation, wind speed, relative 
humidity and reference evapotranspiration. To obtain data for the study zone, the data 
from the four closest stations were interpolated using the inverse distance squa
III. METHODOLOGY
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method (Isaaks and Srivastava, 1989). The stations used were El Bayo, Ejea, Luna and 
Tauste, located between 4 and 18 km away from the study zone (Fig. 3-1). 
 
 
3.2. Agriculture management 
 
3.2.1. Irrigation data (all the papers) 
 
Irrigation data for each plot in the study area were estimated from data obtained from 
the Irrigation Authority responsible for the irrigation in the area (“Comunidad de 
Regantes nº XI, del Canal de Bardenas, Sector XII”). The Irrigation Authority provided the 
daily requirements of irrigation time made by the farmers and the yearly used amount 
of water, measured using flow meters in every hydrant present in the study zone. In 
addition, information was provided about the typical irrigation management for the 
different crops present in the area. 
 
3.2.2. Fertilization practices and rates (papers II, III, V) 
 
During the years 2007, 2008 and 2012 surveys were conducted (by phone and face-to-
face enquiries) with all the farmers from the Lerma Basin. These surveys included data 
about the type of fertilizers used, the rate and timing of fertilization and any other 
practice regarding fertilization management. Additionally, the irrigation authority and 
the farmer’s advisory service (Agrarian Cooperative “Virgen de la Oliva”) provided 
abundant information about fertilization management of the crops present in the area. 
 
 
3.3. Lerma Gully’s discharge data (papers I, IV and V) 
 
In 2005, a gauging station (Fig. 3-2) was installed at a defined section (rectangular thin-
plate weir), and since then water level has been registered every 10 min with an 
electronic limnigraph (Thalimedes, OTT, Germany). In 2010, the analogical system was 
replaced by a digital one, composed by a pressure transducer (PX437, Omega 
Engineering Inc., USA) coupled to an ad hoc designed data-logger with capabilities of 
data transmission (Tafyesa, Spain). 
 
The recorded water height data (h; m) were transformed to flow (Q; m3 s-1) using gauge 
rating curves, obtained using the WinFlume software (Whal, 2000), as follows: 
 
 = 1.73	(ℎ + 0.00347).  for h ≤0.5    [Eq. 1] 
 
 = 10.28	(ℎ + 0.01125).  for h >0.5    [Eq. 2] 
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The correspondence between water heights and flow was cross-checked by several 
manual gauging methods, such as the velocity–area method using a wading rod, dilution 
gauging, and the use of a portable V-notch weir. 
 
 
 
Fig. 3-2. Gauging station in the Lerma Gully. 
 
3.4. Exported contaminant loads estimation (papers I and V) 
 
The monitoring of Lerma Gully water quality began in October 2003 at the beginning of 
the work for its transformation (two years before irrigation started). Manual water 
sampling was performed at a monthly frequency between October 2003 and September 
2005. In October 2005, automatic sampling equipment (3700 Portable Sampler, 
Teledyne ISCO, USA) was installed. The automatic sampler was programmed to collect a 
sample per day. In 2010, high resolution water quality monitoring devices were installed 
(Fig. 3-3). An electrical conductivimeter (ST 3254, B&C Electronics, Italy) and a nitrate 
measuring probe (Nitratax, Hach-Lange, Germany) were coupled to an ad hoc designed 
data-logger and transmitter (Tafyesa, Spain). 
 
Manually or automatically collected samples were taken to the laboratory where the 
electrical conductivity corrected to 25 °C (EC; mS cm-1) and nitrate concentration (NO3
-; 
mg L-1) were determined using an Orion-5 Star conductivitimeter and a colorimetry 
Autoanalizer 3 system, respectively. 
 
Seventeen water samples were selected within the range of variation of EC in Lerma 
Gully, for which the alkalinity (mostly bicarbonate concentration, HCO3
-; mg L-1) and dry 
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residue (DR; mg L
-1
) were determined. From these concentrations, the total dissolved 
solids (TDS; mg L
-1
) was calculated (Custodio and Llamas, 1983): 
 
 =  +	1 2
 	
        [Eq. 3] 
 
The EC (mS cm
-1
) was converted into TDS (mg L
-1
) for each collected sample and 
measured EC through: 
 
 = 712.22	 − 104.83 R2 = 0.99 n = 17  p <0.01 [Eq. 4] 
 
Once EC was converted to TDS, the use of both TDS and NO3
-
 combined with flow 
allowed the calculation of the exported load of salts; and the exported load of nitrate. 
 
 
 
Fig. 3-3. Details of EC-meter and Nitratax equipments installed in the gully. 
 
3.5. Lerma Basin ground-, spring and surface water monitoring 
 
3.5.1. Sampling procedures (papers II, III) 
 
Samples of the Lerma Basin waters were collected for complete chemical analysis in 
2011, February the 10
th
 and July the 27
th
, and in 2012, January the 10
th
 and July the 31
st
, 
representing two non-irrigated and two irrigated seasons, and two low water and two 
high water seasons, respectively. Samples were collected at least one week after the last 
precipitation event to avoid dilution and mixing effects. 
 
Sixty three water samples were collected from the Lerma Basin throughout the study 
period: groundwaters (GW, 31 samples), spring waters (SpW, 8) and surface waters (SW, 
24). Additionally, samples of precipitation (P, 11) and irrigation waters (I, 6) were 
collected between 2007 and 2012. 
30
Hydrological Assessment of a Newly Implemented Irrigated Area in Spain: 
          Salinization and Nitrate Pollution from Irrigation Return Flows
  
 
The piezometers were drilled in 2008 in the Quaternary materials to a depth between 6 
and 8 m, where the Tertiary was reached, going around 50 cm inside the Tertiary 
materials. These materials were always dry 20 cm below the contact, which is a proof of 
their low permeability, since the Quaternary materials just above were saturated. The 
screened interval was the whole piezometer. Piezometers were used for both measuring 
the depth of the water table and taking groundwater samples. 
 
Groundwater samples were collected using a dispensable bailer whereas spring or 
surface water samples were collected manually. Field parameters (electrical conductivity 
corrected to 25 °C [EC], temperature [T], pH, redox potential relative to the standard 
hydrogen electrode [Eh], dissolved oxygen [DO] and alkalinity) were measured in situ 
just after sample collection, with previously calibrated instruments. EC-meter CRISON 
CM35, and pH/Eh-meter CRISON T25 were used for EC, T, pH and Eh. Alkalinity was 
measured using a HACH alkalinity test kit. 
 
 
 
Fig. 3-4. Piezometers drilling and depth to groundwater monitoring. 
 
3.5.2. Analytical procedures (papers II and III) 
 
The filtered samples were analyzed within a month of collection. Chemical parameters 
(Cl-, SO4
2-, HCO3
-, CO3
2-, Na+, K+, Ca2+, Mg2+, NO3
-, NO2
-, NH4
+, Kjeldahl N [KN] and total 
organic carbon [TOC]) were analyzed by standard analytical methods at the Geological 
Survey of Spain (IGME) laboratories. Total-N was calculated by addition of NO3
-, NO2
- 
and Kjeldahl N concentrations. Cations were determined by inductively coupled plasma-
atomic emission spectrometry (ICP-AES), and anions were determined by high 
performance ion chromatography (HPLC). When necessary, samples were diluted to 
obtain adequate responses from the analytical equipment. The sample for KN was 
acidulated immediately after collection with H2SO4 until pH <2 and titration was utilized 
to measure the amount of ammonium sulphate obtained. TOC analysis was preceded by 
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combustion and detected by non-dispersible infrared emission using TOC-V analyzer 
Shimadzu. 
 
The charge balance was cross-checked to ensure adequate analysis quality (Weight, 
2008): 
 
ℎ#$%&	'#(#)*&	(%) 	= 	200
∑-./	012345 ∑-./	15345
∑-./	0123456∑-./	15345
    [Eq. 5] 
 
3.5.3. Isotopic Study (paper II) 
 
In a sub set of sixteen samples (eight samples in two sampling campaigns, July 27th 2011 
and January 10th 2012), stable isotopes analysis were performed. Results were reported 
in δ notation, i.e., the deviation from an international standard. Analysis included δD 
and δ18O-[H2O]; δ
34S and δ18O-[SO4
2-]; δ15N and δ18O-[NO3
-]) and they were used to 
determinate the origins and processes affecting sulphate and nitrate contents in the 
Lerma Basin ground-, spring and surface waters. International standards used were 
VSMOW (Vienna Standard Mean Ocean Water), for δD and δ18O; AIR (atmospheric N2), 
for δ 15N; V-CDT (Vienna Canyon Diablo Troillite) for δ 34S. 
 
3.5.4. Geochemical modelling (paper III) 
 
The USGS software PHREEQC (Parkhurst and Appelo, 1999) with its database 
phreeqc.dat was used for the geochemical modelling. Speciation-solubility calculations 
were performed to obtain the saturation indexes of the different water samples with 
respect to the mineral phases of interest (calcite, dolomite, gypsum and halite). CO2(g) 
partial pressures were also computed based on the alkalinity and pH of the samples 
(Appelo and Postma, 2005). Additionally, an inverse modelling approach was applied 
between selected water samples considered representative of the variety observed. This 
approach allowed estimating the net geochemical reactions between samples assumed 
to be connected by a flow line. Finally, a forward modelling approach was applied using 
feasible chemical reactions to reproduce the evolution of the system. All the information 
provided by these geochemical modelling exercises was used to discard or confirm the 
hypotheses of the different processes inferred throughout the study. 
 
3.5.5. X-ray diffraction (paper III) 
 
Mineralogical determinations were performed in soil samples by X-ray Diffraction. After 
removing the fraction > 2 mm, around 5 g of dry sample were ground in an agate mortar 
and pestle, and then sieved through 63 µm. X-ray diffraction was performed in a XPERT 
PRO MPD equipment (PANanalytical), and the data were processed using the software 
HighScore 3.0.4 (PANalanytical). 
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3.6. Water and pollutants balances (papers IV and V) 
 
Daily water balances in the irrigable area of Lerma Basin were carried out for the period 
2004-2013. Balances were performed for the 55 irrigated plots included in the Lerma 
Basin along with the irrigable area as a whole. Calculations were automated by the 
usage of EMR 2.0 (Irrigation Land Environmental Tool –EMR–, from its Spanish 
abbreviation; Causapé, 2009b).  
 
Soil water balances were based in the following equation: 
 
(7 + 8) −	(!1 + 9:; + !<=) = 	>      [Eq. 6] 
 
Where P is precipitation, I is irrigation, ETa is the actual evapotranspiration, DSWB is the 
drainage from the soil water balance, EWDL are the losses by evaporation and wind drift 
and ΔS is soil storage. The detailed calculations involved in the methodology for soil 
water balance are presented in Paper IV and they are not reproduced here. 
 
The irrigable area water balance was based in the general equation: 
 
Inputs − Outputs − Storage = Balance error 
 
(7 + 8 + 8<?) −	(!1 + 	=@ + !<=) −	(> + 	>A) = B#(#)*&	!$$C$ [Eq. 7] 
 
Where IWF is the incoming water flows from unirrigated area, LG is the discharge in the 
Lerma Gully and ΔA is the aquifers storage. 
 
For water balances purposes, since the beginning of the study (October 1st, 2003) until 
when the gauging station was operational (August, 2005), the flow of the Lerma Gully 
was estimated from precipitation data and based on a runoff coefficient of 10.1% and 
the form of the recession curves, which was obtained during the period when the 
gauging station was available and the first irrigation season had not started (October 
2005 to March 2006). 
 
The IWF was composed by the runoff generated on the non-irrigated area, together with 
the channel filtrations and several breakages of pipes that produced increases in the 
discharge. For the unirrigated area the runoff coefficient aforementioned was also 
applied to estimate the incoming water flows. Irrigation channel filtrations were 
estimated through chemical gauging in several locations and seasons. For the piping 
breakages, a high resolution hydrograph was obtained and treated to estimate the 
amount of water provided in the breakage. 
 
The annual water storage in the aquifer was estimated based on the aquifer area 
(251 ha), the saturated thickness in three representative piezometers located in each 
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independent groundwater body, and an effective porosity of 5%. Since the piezometers 
were not installed until March 2008, the storage in the aquifer could only be estimated 
for the hydrological years 2009-2013. 
 
3.6.1. Irrigation performance indicators (paper IV) 
 
Net hydric needs (HNn), indices evaluating the irrigation efficiency (IE), irrigation 
drainage fraction (IDF), and water deficit (WD) were utilized to analyze irrigation quality. 
These indices were calculated for each field and during crop cycles from data provided 
by water balances in the soil, according to the criteria proposed by Causapé (2009b). 
 
HNn estimates the volume of irrigation water necessary to avoid crop yield losses due to 
water stress. IE quantifies the percentage of irrigation that has been used to either meet 
the water requirements of the crops or to be stored as soil water. IDF quantifies the 
percentage of irrigation lost in drainage and is influenced by the irrigation volume 
applied and the soil water content when irrigation occurs. Finally, WD evaluates the 
extent to which the water requirements of crops have not been met. 
 
High quality irrigation is experienced when WD and IDF are close to zero and IE 
approaches 100%. It must be noted that there are irrigation events not intended to 
meet water requirements, but to optimize humidity in the soil for specific agronomic 
activities (e.g., seed irrigation, tillage, testing irrigation equipment). Conversely, it may 
be necessary to apply excessive irrigation under certain circumstances to promote the 
leaching of salts with the subsequent generation of drainage and irrigation efficiency 
loss (Tanji and Kielen, 2002; Corwin et al., 2007). Furthermore, controlled deficit 
irrigation techniques might be applied to cause an intended water deficit (e.g., Farré and 
Faci, 2006, 2009). 
 
3.6.2. Salts and Nitrate contamination indexes (paper V) 
 
After applying salt and nitrate concentration to all the components in the water balance, 
salt and nitrate contamination index were estimated from the mass of salts or nitrate 
exported from the irrigated area as an indicator of the conditions of the area. They were 
used to assess the evolution of agro-environmental impact in the Lerma Basin taking 
into account natural or agronomic factors. It was also used as a comparative indicator of 
the impact in different irrigated areas. 
 
3.7. Non-parametric statistics in hydrology research 
 
Data from hydrological variables have uncommon characteristics, including positive 
skewness and seasonal patterns. Water resources data analysis methods should 
recognize these characteristics and take them into account to obtain adequate 
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knowledge of the studied system (Helsel and Hirsch, 2002). As a consequence, non-
normality of the data was a common fact indicating the necessity of using non-
parametric statistical tests, which has been recommended instead of the conversion of 
data sets to normality (Helsel and Hirsch, 2002). The use of parametric tests on data sets 
with a strong seasonal component or correlated variables can result in false positives 
(Bouza-Deaño et al., 2008). 
 
3.7.1. Correlation Matrix (paper I) 
 
The correlation matrix was used to understand the relationships between the different 
variables studied in the Lerma Gully waters. The non-parametric, rank-based, resistant-
to-outliers Kendall’s tau (Helsel and Hirsch, 2002) was computed for each pair of 
variables. 
 
3.7.2. Trends analysis (papers I, IV and V) 
 
Trends detection and estimation was based on the Mann-Kendall test (Mann, 1945, 
Kendall, 1975) and Sen’s slope estimator (Sen, 1968), non-parametric methods widely 
applied to hydrological and environmental data (e.g., Stålnacke et al., 2003; CHE, 2006; 
Battle-Aguilar et al., 2007). The Mann-Kendall test has the advantages of not assuming 
any distribution for the data and having similar utility as the parametric methods (Battle-
Aguilar et al., 2007). Different levels of significance were applied and the Microsoft Excel 
spreadsheet MAKESENS was used for the computation of the tests. 
 
3.7.3. Statistical comparisons (papers II, III) 
 
Statistical comparisons for the different studied variables were performed between 
ground-, spring and surface water. In particular, one-way ANOVA post hoc and Kruskal-
Wallis tests were used. The level of significance was set to 5% and the statistical package 
Statgraphics (Statpoint Technologies, 2009) was used for the computation of these tests. 
 
3.7.4. Multivariate statistics (paper III) 
 
Principal components analysis and hierarchical cluster analysis were used in order to 
increase the knowledge of the Lerma Basin ground-, spring and surface waters, 
quantificate their similarity and infere the controlling water quality processes. Both 
methods have wide application in hydrology research (e.g., Acero et al., 2013; Lorite-
Herrera et al., 2008). The statistical package Statgraphics (Statpoint Technologies, 2009) 
was used for the computation of these tests. 
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Abstract Irrigation practice has increased considerably recently and will continue to increase to feed a growing
population and provide better life standards worldwide. Numerous studies deal with the hydrological impacts of
irrigation, but little is known about the temporal evolution of the affected variables. This work assesses the effects
on a gully after irrigation was implemented in its hydrological basin (7.38 km2). Flow, electrical conductivity,
nitrate concentration and exported loads of salts and nitrates were recorded in Lerma gully (Zaragoza, Spain) for
eight hydrological years (2004–2011), covering the periods before, during and after implementation of irrigation.
Non-parametric statistical analysis was applied to understand relationships and trends. The results showed the cor-
relation of irrigation with flow and the load of salts and nitrates exported, although no significant relationship with
precipitation was detected. The implementation of irrigation introduced annual trends in flow (3.2 L s-1, +23%),
salinity (–0.38 mS cm-1, –9%), and nitrate concentration (5.4 mg L-1, +8%) in the gully. In addition, the annual
loads of contaminants exported increased (salts and nitrates, 27.3 Mg km-2 year-1, +19%, and 263 kg NO3--N
km-2 year-1, +27%, respectively). The trends presented a strong seasonal pattern, with higher and more significant
trends for the irrigation season. The changes observed were different from those of larger irrigation districts or
regional basins, due to the differences in land use and irrigation management. It is important to understand these
changes in order to achieve an adequate management of the environment and water resources.
Key words irrigation; trend; salinity; nitrate; contaminant loads; land use
Impact de la mise en œuvre de l’irrigation sur l’hydrologie et la qualité de l’eau dans un petit
bassin versant agricole en Espagne
Résumé Récemment, l’utilisation de l’irrigation a considérablement augmenté, et elle va continuer à augmenter
pour nourrir une population croissante et fournir un meilleur niveau de de vie à travers le monde. De nombreuses
études traitent des impacts hydrologiques de l’irrigation, mais on connait peu de choses sur l’évolution temporelle
des variables affectées. Ce travail évalue les effets sur une ravine, après que l’irrigation ait été mise en œuvre sur
son bassin hydrologique (7,38 km2). A cette fin, le débit, la conductivité électrique, la concentration en nitrates
et les charges exportées de sels et de nitrates ont été enregistrées sur la ravine de Lerma (Saragosse, Espagne)
pendant huit années hydrologiques (2004–2011), allant de la période antérieures à la période postérieure à la
mise en œuvre de l’irrigation. Nous avons réalisé une analyse statistique non paramétrique pour comprendre les
relations et les tendances. Les résultats ont montré une corrélation entre l’irrigation d’une part, et le débit et les
charges exportées de sels et de nitrates d’autre part, mais aucune relation significative avec les précipitations n’a
été détectée. La mise en œuvre de l’irrigation a provoqué une évolution du débit (3,2 L s-1, +23%), de la salinité
(–0,38 mS cm-1, –9%), et de la concentration en nitrates (5,4 mg L-1, +8%) dans la ravine. En outre, la charge
annuelle de polluants exportée a augmenté (27,3 Mg km-2 an-1, +19%, pour les sels, et 263 kg NO3-N km-2 an-1,+27%, pour les nitrates). Les tendances présentent une forte saisonnalité, et sont plus fortes et significatives pour
la saison d’irrigation. Les changements observés sont différents de ceux de districts d’irrigation plus étendus ou
de bassins régionaux, cela étant dû aux différences dans l’utilisation des terres et dans la gestion de l’irrigation. Il
est important de comprendre ces changements afin de parvenir à une gestion adéquate de l’environnement et des
ressources en eau.
Mots clefs irrigation; tendance; salinité; nitrates; charges de contaminants; utilisation des terres
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1 INTRODUCTION
There are many advantages to irrigated agriculture,
such as increased production, reliable harvests and
regional economic security (Duncan et al. 2008).
As a consequence, a global increase in irrigated areas
has been observed, especially in developing coun-
tries where, between 1962 and 1998, irrigated area
doubled (Food and Agriculture Organization (FAO
2003a). In Spain, the increase is moderate but signif-
icant, with 7% more irrigated area between 1990 and
2009 according to the Spanish environment min-
istry (Ministerio de Medio Ambiente y Medio Rural
y Marino; MMARM).
However, irrigation imposes sever pressure on
the environment, as it accounts for the consump-
tion of 70% of global water resources (FAO 2003b).
Water abstraction for irrigation purposes changes
hydrological conditions in dam-regulated rivers (Graf
2006), or overexploited aquifers (Custodio 2002).
These pressures impact on water resources not only
in a quantitative way, but also qualitatively (Kurunc
et al. 2005).
The impacts are not only found at the irrigation
water withdrawal location, as irrigation return flows
can cause hydrological changes in the receiving water
bodies. For this reason, organizations such as the US
Environmental Protection Agency see irrigated agri-
culture as the main source of water pollution (US
EPA 1992), particularly due to the leaching of salts
(Duncan et al. 2008) and nitrate (Arauzo et al. 2011,
Sánchez-Pérez et al. 2003), among other pollutants
(pesticides, phosphates, etc.).
Several studies exist on the hydrological changes
caused by irrigated agriculture. However, these stud-
ies were carried out either at such a large scale that
the influence of irrigation was masked by other factors
(water abstraction, industrial uses, etc.; CHE (2006),
or in areas where irrigation had already been imple-
mented (e.g. García-Garizábal and Causapé 2010, Qin
et al. 2011) without considering the dynamics of
irrigation implementation.
The impacts of irrigation are major issues in the
development of sustainable basin management strate-
gies. Irrigation affects land use and, therefore, causes
hydrological changes in the basin. The responses of
the basin to these changes need to be understood
(Zhang et al. 2011). Despite such an interest, to the
best of our knowledge, the study area of this work
is the first in which alteration induced by the trans-
formation from rainfed to irrigated agriculture has
been assessed, and this was achieved through the
monitoring of the hydrological basin during the tran-
sition. The research team has studied changes in this
study area for approximately ten years and several
papers have been published (Abrahão et al. 2011a,
2011b, 2011c, Peréz et al. 2011). A non-parametric
approach is used herein to deal with issues not treated
in previous research, such as trends in flow, water
quality parameters and exported loads of both salts
and nitrates, imposed by irrigation.
Within this framework, the aim of this work is
to analyse the effects of a newly-implemented irri-
gated area on the hydrology of a gully, evaluating
relationships between variables, and trends in flow,
water quality, and contaminant loads. This objec-
tive is consistent with the recommendations of local
water authorities (CHE 2006) that suggest the need
for increasing knowledge of water bodies with qual-
ity problems, in order to create management strategies
that will allow to control the quantity and quality of
water resources at the basin scale.
2 STUDY AREA AND BACKGROUND
The study area is Lerma gully and its hydrological
basin (7.38 km2), which is located on the left bank
of the middle Ebro River Valley, in northeast Spain
(Fig. 1). The Ebro basin presents a high level of
human interference, with reservoir volumes of
7580 hm3, and more than 680 000 ha dedicated
to irrigated agriculture and other domestic and
industrial uses (CHE 2009a). The main use of water
is for irrigated agriculture, with more than 6000 hm3
year-1 being extracted. All other uses together do not
exceed 1000 hm3 year-1. Environmental problems
related to irrigated agriculture, such as salinization
and nitrate pollution, are openly recognized by the
Ebro Basin Authority (e.g. CHE 2006, 2009b).
In particular, the Arba River, one of the Ebro’s
tributaries and receiver of Lerma gully waters, is the
river that presented the highest increase in salinity
and nitrate concentrations in the Ebro basin during
the period 1975–2004 (CHE 2006). In addition, the
Arba River is the only surface water body declared
as affected by nitrate pollution by the Ebro Basin
Authority (MMARM 2011). Consequently, large
areas of the Arba basin, including the Lerma basin,
were designated as Nitrate Vulnerable Zones in
2008 by the Regional Government (CAA 2009),
according to Spanish legislation and following the
European Council Directive 91/676/EEC EC (1991)
concerning the protection of waters against pollution
by nitrates from agricultural sources.
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Fig. 1 Location of the Lerma basin within the Arba and Ebro basins (Spain), showing the simplified geology; the irrigation
canal, ponds and plots; and the agro-climatic and gauging stations.
The Lerma gully has been monitored for
eight hydrological years (2004–2011), covering the
transformation of approximately half of its surface
(48%) into irrigated land. Previous to our monitor-
ing of Lerma basin, rainfed agriculture was the main
land use. In 2003 the implementation of irrigation
began with the construction of regulatory pounds and
the installation of pipes. The area was not cultivated
during this initial construction period (2004–2005).
After the main irrigation network was installed, indi-
vidual farmers equipped their plots for pressurized
irrigation, depending on the date of plot assigna-
tion or availability of funds. Consequently, the actual
irrigated area increased progressively (from 36% in
2006 to 76% in 2007 and 90% in 2008). Since 2009,
more than 95% of the projected irrigable area has
actually been irrigated.
This region is therefore a valuable location for
the evaluation of hydrological changes in terms of
environmental issues (flow changes, salts and nitrate
pollution) occurring before, during and after imple-
mentation of irrigation in the upper sections of
hydrological basins (stream order <3, according to
Strahler 1952).
2.1 Climate
According to the Spanish national agency of meteo-
rology (AEMET 2010), the study area has a semi-arid
Mediterranean climate, with an annual average tem-
perature of 14◦C. The coldest months are January and
February with monthly mean temperatures lower than
5◦C, and the warmer months are July and August,
experiencing mean temperatures higher than 23◦C,
although the maximum temperature can reach 40◦C.
Historical annual precipitation is 468 mm, with two
dry (winter and summer) and two wet (spring and
autumn) seasons.
Mean annual rainfall during the study period
(1 October 2003–30 September 2011) was
402 ± 113 mm year-1 (average ± standard devi-
ation), according to the agro-climatic stations of
the integrated irrigation advisory service (Sociedad
Aragonesa de Gestión Agroambiental; SARGA
(2011). A humid hydrological year (2004: 632 mm
year-1) and a dry year (2005: 227 mm year-1) were
recorded during the implementation period. Under
irrigation conditions (2006–2011), mean annual
precipitation was closer to average years (ranging
between 350 and 444 mm year-1). The average
reference evapotranspiration (ET0), calculated by
the Penman-Monteith method (Allen et al. 1998),
was 1301 ± 61 mm year-1, i.e. three times greater
than precipitation, and its coefficient of variation
(5%) was less than that of precipitation (28%),
which made irrigation essential to achieve productive
agriculture.
2.2 Geology
Two geological units are present in the Lerma basin
(Fig. 1). Quaternary glacis composed of layers of
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gravel with a loamy matrix and of maximum thick-
ness 10 m (ITGE 1988) extend over 34% of its area.
Soils with good drainage conditions, low salinity and
little risk of erosion are found on the Quaternary
materials (Calcixerollics Xerochrepts; Soil Survey
Staff 1992), which makes these soils preferable for
irrigation (Beltrán 1986). The Quaternary glacis over-
lay Tertiary materials. The Tertiary lutites and marls
are interbedded with thin limestone and gypsum lay-
ers (ITGE 1988), and generate slow-drainage soils
(Typic Xerofluvent; Soil Survey Staff 1992) of high
salinity and steeper slopes, which make these areas
less suitable for irrigation (Beltrán 1986).
The Quaternary materials provide perched
aquifers over the low-permeability Tertiary materials.
These aquifers are recharged by both precipitation and
irrigation water, and drained by springs which feed
a network of gullies. The network of gullies crosses
Lerma basin from east-southeast to west-northwest.
The low permeability of the Tertiary materials ensures
a suitable control of the water balance (Casalí et al.
2008, 2010).
2.3 Agronomy
Agriculture was the main land use in Lerma basin,
covering 48% of the total basin area. Major crops
were similar to those in the middle Ebro Valley: maize
(46%), winter cereal (19%), vegetables (15%), sun-
flowers (9%) and others. Sprinkler irrigation was the
main system used (>90%), although drip irrigation
was also present, mainly for vegetables. Good-quality
irrigation water (electrical conductivity ∼0.35 mS
cm-1; nitrate concentration ∼2 mg L-1) came from
reservoirs located in a neighbouring basin that are
fed with water from the Pyrenees Mountains (north-
east Spain). According to Abrahão (2010), irriga-
tion applied to main crops of maize, winter cereal
and vegetables averaged 740, 160 and 552 mm
year-1, respectively. The irrigation volume applied
to crops varied depending on water availability in
the different years, but the total amount of irri-
gation for the entire basin increased progressively,
stabilizing at approx. 2 hm3 year-1. Regarding nitro-
gen fertilization, the main applications were con-
ducted for maize (380 kg N ha-1 year-1), winter
cereal (164 kg N ha-1 year-1) and vegetables (mainly
tomatoes, 182 kg N ha-1 year-1). The fertilizers
used depended on the crops and included com-
pound fertilizers, urea and liquid fertilizers (Abrahão
et al. 2011b).
3 METHODOLOGY
3.1 Data collection
Daily precipitation data (P) were obtained from the
agro-climatic stations of the integrated irrigation
advisory service (SARGA). Data for Lerma basin
were obtained by applying the inverse distance
squared method (Isaaks and Srivastava 1989) with
data from four stations (El Bayo, Ejea, Luna and
Tauste) located between 6 and 18 km away (Fig. 1).
Daily irrigation data (I) measured by flow meters
in each plot were provided by the local irrigation
authority.
Monitoring of Lerma gully began in October
2003, with the beginning of the work for its transfor-
mation (two years before irrigation started). Manual
water sampling was performed at a monthly fre-
quency between October 2003 and September 2005.
In October 2005, automatic sampling equipment
(ISCO 3700) was installed. The automatic sampler
was programmed to collect one sample per day. At the
same time, a gauging station was installed at a defined
section (rectangular thin-plate weir), and water level
was registered every 10 min with an electronic limni-
graph (Thalimedes, OTT).
The recorded water height data (h; m) were trans-
formed to flow (Q; m3 s-1) using gauge rating curves,
obtained using the WinFlume software (Whal 2000),
as follows:
Q = 1.73(h + 0.00347)1.624 for h ≤ 0.5 (1)
Q = 10.28(h + 0.01125)1.725 for h > 0.5 (2)
The correspondence between water heights and flow
was cross-checked by several manual gauging meth-
ods, such as the velocity–area method using a wad-
ing rod, dilution gauging, and the use of a portable
V-notch weir.
Between October 2003 and September 2005
(before installation of the gauging station), flow was
estimated using the relationship between flow and
precipitation (runoff coefficient of 10.1%) and the
form of recession curves during the period when the
gauging station was available but the first irrigation
season had not commenced (October 2005–March
2006).
Manually or automatically collected samples
were taken to the laboratory where the electrical con-
ductivity corrected to 25◦C (EC; mS cm-1) and nitrate
concentration (NO3-; mg L-1) were determined using
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an Orion-5 Star conductivity meter and a colorimetry
Autoanalizer 3 system, respectively.
Seventeen (17) water samples were selected
within the range of variation of EC in Lerma gully,
for which the concentration of bicarbonate (HCO3-;
mg L-1) and dry residue (DR; mg L-1) were deter-
mined. From these concentrations, the total dissolved
solids (TDS; mg L-1) were calculated by (Custodio
and Llamas 1983):
TDS = DR + 1/2HCO -3 (3)
The EC (mS cm-1) was converted into TDS (mg L-1)
for each collected sample through:
TDS = 712.22EC − 104.83
R2 = 0.99 n = 17 p < 0.01
(4)
Once EC was converted to TDS, the use of both TDS
and NO3- combined with flow allowed the calculation
of: (a) the exported load of salts (SL; Mg km-2 year-1);
and (b) the exported load of nitrate (NL; kg NO3--N
km-2 year-1).
3.2 Statistical analysis
Data from hydrological variables have common char-
acteristics, including positive skewness and sea-
sonal patterns. Water resources data analysis methods
should recognize these and take them into account
to obtain adequate knowledge of the studied system
(Helsel and Hirsch 2002).
Rain events cause positive skewness in data,
which affects data reliability. In Lerma gully, rain
events caused daily discharge volumes to be similar
to that of a whole month, modifying considerably the
average flow (Fig. 2) and loads of pollutants. The use
of medians instead of averages as measures of cen-
tral tendency reduced the influence of short intense
rain events, and permitted a better assessment of irri-
gation impact (Fig. 2), as medians are known to be
more resistant to outliers (Helsel and Hirsch 2002).
Consequently, monthly data series were created from
the studied variables (P, I , Q, EC, NO3-, SL and
NL), by taking medians from daily values in those
months for which more than one sampling occasion
was available (October 2005–September 2011).
The obtained monthly data series were tested
for normality (Chi-square and Shapiro-Wilks tests;
Statgraphics Plus 5.1). The non-normality of the data
series indicated the need to use non-parametric sta-
tistical tests, which is recommended instead of the
conversion of data sets to normality, and use of para-
metric tests (Helsel and Hirsch 2002). The use of
parametric tests on data sets with a strong seasonal
component or correlated variables can result in false
positives (Bouza-Deaño et al. 2008).
3.2.1 Correlation analysis A correlation
matrix was obtained through a rank-based procedure
from the P, I , Q, EC, NO3-, SL and NL monthly
data. Kendall’s tau (Helsel and Hirsch 2002) was
computed for each pair of variables (called x and y);
Kendall’s tau is a non-parametric, rank-based,
resistant-to-outliers test that measures all monotonic
correlations in the data set. Tau (τ ) is obtained by
sorting the pairs with increasing x and computing:
τ = (A − B)
n(n − 1)/2 (5)
Fig. 2 Monthly precipitation, average flow and median flow in the Lerma basin during hydrological years 2004–2011.
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where n is the number of data pairs; A is the num-
ber of yi < yj for all i < j; and B is the number of
yi > yj for i < j; for all I = 1, . . . , (n – 1) and
j = (i + 1), . . . , n. The correlation matrix allowed
the understanding of inter-relationships between the
studied variables.
3.2.2 Trend analysis Trend analysis was per-
formed for the variables P, Q, EC, NO3-, SL and NL,
and detection and estimation of trends was based on
the Mann-Kendall test (Mann 1945, Kendall 1975),
referred to herein as the M-K test, which is widely
applied to trends in hydrological and environmental
data (e.g. Stålnacke et al. 2003, CHE 2006, Battle
et al. 2007). The M-K test has the advantages of not
assuming any distribution for the data and having sim-
ilar power to parametric methods (Battle et al. 2007).
The M-K test determines whether or not a trend is
present with an indicator based on the calculation of
differences between pairs of successive data (Battle
et al. 2007):
S =
n−1∑
i=1
n∑
j=i+1
sgn(Cj − Ci) (6)
where:
sgn(Cj − Ci) =
{ 1 if Cj − Ci > 0
0 if Cj − Ci = 0
−1 if Cj − Ci < 0
}
(7)
and Ci and Cj are the values at different times i and
j; with j > i and n the size of the data set. If there
is no trend, S is close to zero; thus the trend will be
significant when S differs statistically from zero.
Trend estimation is based on the calculation of
Sen’s slope estimator (Sen 1968) and is obtained by
computing the slopes (bij) for all pairs of successive
data:
bij = Cj − Ci
tj − ti (8)
where Ci and Cj are values of the variable at time ti
and tj, respectively. Finally, the value of Sen’s slope
estimator is median of the slope:
b = median (bij) (9)
As irrigation and fertilization management are sea-
sonal stresses, the Seasonal Kendall test (S-K test;
Helsel and Hirsch 2002) was applied to obtain a bet-
ter understanding of seasonal patterns. The S-K test
is a non-parametric test that computes the M-K test
for each season (months in our study), and results
are combined to obtain an annual trend. This seasonal
approach has been used in several hydrological stud-
ies (e.g. Lassaleta et al. 2009, Lespinas et al. 2010,
Morán-Tejeda et al. 2011).
In addition, the M-K test was applied to differ-
ent periods within the data set. Tests were performed
for the non-irrigated period (2004–2005) and for
the irrigated period (2006–2011). Moreover, trends
were computed for the transition period (2006–2008),
when the irrigation surface was increasing, and the
last three years (2009–2011), in which neither irri-
gation surface nor irrigation volume changed signifi-
cantly and the irrigated area could be considered as
consolidated. No seasonal approach was applied to
the different sections of the data set as the S-K test
requires a minimal amount of data not reached by the
different sections.
Finally, for all estimated trends, a percentage
trend value was calculated by dividing the estimated
trend by the average value of the variable throughout
the period in which the trend was computed.
4 RESULTS AND DISCUSSION
A data summary for the eight hydrological years
(2004–2011) of monitoring at Lerma gully is pre-
sented in Table 1. Precipitation was the only water
input during the non-irrigated stage (2004–2005),
contributing 56–59% of the total water entering the
basin when irrigation was consolidated. Intermediate
values were observed during the period in which
irrigation was being implemented. Irrigation volume
increased progressively from 2006 and stabilized in
2008, with an annual value of approximately 2 hm3,
when most of the projected surface was actually
irrigated.
Water flow in Lerma gully was highly dependent
on precipitation during the non-irrigated period and
increased after irrigation implementation (Table 1,
Fig. 3). Annual flow ranged from 1.1 L s-1 (inter-
quartile range, IQR: 3.9 L s-1) in the non-irrigated
year, 2005, to 30.8 L s-1 (IQR: 9.5 L s-1) in the
irrigated year, 2009. Under non-irrigated conditions,
Lerma gully was observed to dry up in those seasons
when precipitation was scarce. After implementa-
tion of irrigation, water flow in the gully evolved
from intermittent to perennial (Fig. 3). Scott et al.
(2011) have reported how some ephemeral lakes
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Table 1 Precipitation (P) and irrigation (I) volumes in the Lerma basin; median [inter-quartile range] for flow (Q), electrical
conductivity (EC) and nitrate concentration (NO3-) in Lerma gully; and salt (SL) and nitrate (NL) exported load; for the
hydrological years 2004–2011.
Year P I Q EC NO3- SL NL
(hm3) (hm3) (L s-1) (mS cm-1) (mg L-1) (Mg km-2) (kg NO3--N km-2)
2004 4.65 0.00 2.9 [13.9] 5.2 [2.0] 42 [17] 235 561
2005 1.74 0.00 1.1 [3.9] 6.0 [0.7] 78 [25] 98 403
2006 3.39 0.62 4.3 [4.7] 3.7 [1.1] 23 [15] 154 329
2007 2.94 1.59 7.6 [6.1] 4.2 [1.2] 56 [32] 128 568
2008 2.69 2.00 9.4 [5.7] 4.3 [0.4] 86 [22] 176 1068
2009 2.88 2.01 30.8 [9.5] 4.0 [1.6] 87 [12] 404 2707
2010 2.57 2.03 26.5 [17.5] 3.1 [0.4] 71 [20] 259 1936
2011 2.70 2.07 19.6 [8.0] 3.0 [0.4] 85 [15] 198 1763
Fig. 3 Monthly precipitation (P) and irrigation volume (I), flow (Q), electrical conductivity (EC), nitrate concentration
(NO3-), salt load (SL) and nitrate load (NL) at Lerma gully during the hydrological years 2004–2011. Trends (Sen’s slope)
are shown as broken grey lines.
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became perennial as a result of irrigation return flows
in the higher reaches of the Aral Sea basin.
Electrical conductivity varied widely, from
6.0 mS cm-1 (IQR: 0.7 mS cm-1) in the dry
non-irrigated year of 2005 to 3.0 mS cm-1 (IQR:
0.4 mS cm-1) in 2011, after six years of irriga-
tion. Intermediate values were observed during the
transition to irrigation. Electrical conductivity values
during the non-irrigation period are indicative of the
high natural salinity of Lerma basin (Beltrán 1986),
while lower values at the end of the study period are
due to dilution with less-saline irrigation water, and
to the flushing of accumulated salts from the surface
and upper soil horizons (McNeil and Cox 2007) by
irrigation return flows (flow increased while electrical
conductivity decreased, Table 1 and Fig. 3).
Nitrate concentrations varied from 23 mg L-1
(IQR: 15 mg L-1) during the first irrigated year
(2006) to 87 mg L-1 (IQR: 12 mg L-1) in the fourth
year after irrigation began (2009). Despite no fer-
tilizer applications during 2004 and 2005, nitrate
concentrations were 42 mg L-1 (IQR: 17 mg L-1) and
78 mg L-1 (IQR: 25 mg L-1), respectively. This nitrate
concentration is probably a response to fertilizers
applied prior to the irrigation implementation, when
the basin land use was rainfed agriculture (Irrigation
Authority, personal communication), as nitrate leach-
ing in any given year is often dependent on conditions
in previous years (Burt et al. 2010).
The behaviour of the exported loads of contam-
inants (both salts and nitrate) was conditioned by the
variations observed in flow, although minor differ-
ences were attributed to the different processes affect-
ing these solutes. As suggested for flow, exported
loads of salts and nitrate were highly dependent on
climatic conditions during the non-irrigated period,
and increased during the irrigation period. Kyllmar
et al. (2006) reported that natural factors, such as
soil characteristics, hydrogeology and climate, seem
to determine the main level of nutrient loads in non-
irrigated basins, whereas agricultural management
influences the variation in loads around this main
level. However, in Lerma basin, irrigation implemen-
tation has modified both the main level and the pattern
of variation associated with agricultural management
(Fig. 3).
4.1 Correlation of variables
The application of the Kendall correlation revealed
that precipitation did not present significant
correlation with the remaining variables (Table 2).
Table 2 Kendall correlation coefficient between monthly
values of precipitation (P), irrigation (I), flow (Q), elec-
trical conductivity (EC), nitrate concentration (NO3-), salt
load (SL) and nitrate load (NL) in the study period.
Medians were used to obtain the correlation coefficient,
except in the case of P and I , for which accumulated
monthly values were used. Only significant correlations are
presented (p < 0.05).
P I Q EC NO3- SL NL
P 1.00 - - - - - -
I - 1.00 0.26 −0.29 - 0.25 0.28
Q - - 1.00 −0.48 - 0.84 0.86
EC - - - 1.00 - −0.36 −0.41
NO3- - - - - 1.00 0.36 0.46
SL - - - - - 1.00 0.85
NL - - - - - - 1.00
Irrigation volume was significantly correlated (p <
0.05) with all variables except nitrate concentration,
showing its influence on the gully’s hydrology.
The non-correlation of nitrate concentration can be
explained by the complexity of the nitrate dynamics,
with many influences apart from those of irrigation,
such as previous soil conditions and fertilizer man-
agement (Burt et al. 2010). In fact, no correlation
was detected between nitrate concentration and flow
in Lerma gully. Irrigation was negatively correlated
with EC (–0.29) and positively correlated with Q, SL
and NL (correlations between 0.25 and 0.28).
A negative correlation coefficient was found
between Q and EC (–0.48), as a result of the dilu-
tion effect (addition of irrigation water). Correlations
between Q and both SL and NL were the highest
(0.84 and 0.86, respectively), showing the important
influence of flow on exported loads of contaminants.
Antonopoulos et al. (2001) also reported a high rela-
tionship between discharge and loads, and a low or
no relationship between discharge and concentrations.
No correlation was found between EC and NO3-, indi-
cating that different processes affect each kind of
pollution. In fact, EC vs SL and NO3- vsNL presented
correlation values of –0.36 and 0.46, respectively.
This means that months with higher salt loads were
associated with lower salinity in the gully, and months
with a higher nitrate load presented higher nitrate
concentrations.
Flow presented a greater influence on the
exported load of pollutants than water quality, as the
correlation coefficients between flow and loads were
higher than those between loads and water quality
parameters. Similar conclusions on the major impor-
tance of flow in exported loads were obtained by
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Barros et al. (2012), following different approaches
in irrigated areas with similar climatic and soil
conditions.
4.2 Trend analysis
4.2.1 Seasonal trends Seasonal patterns were
observed in the trends of the studied variables (Fig. 4).
The S-K test detected significant trends (at least
p < 0.1) for all months in Q, for nine months in
EC (mainly in spring and summer), and for three
months (summer) in NO3- (Fig. 4). Monthly trends
were positive for flow and ranged from 2.2 to 4.6 L
s-1 year-1, with the highest trend for the most irri-
gated month (August). These trends were equivalent
to a relative annual increase in flow from 19 to
31%. However, monthly trends in EC were found
to be negative (Fig. 4). Trends for EC ranged from
–0.26 to –0.66 mS cm-1 year-1 (–6 to –16%). Higher
and more significant trends were detected for the
spring/summer period, i.e. the more irrigated months.
Trends detected in nitrate concentration ranged from
4.2 to 6.2 mg L-1 year-1 (6% to 10%), and were found
in June, August and September.
The increasing trends in Q and decreasing trends
in EC are responses to water addition as irrigation,
as trends in precipitation were not significant during
the study period, neither in monthly nor annual values
(p > 0.1 for all cases). Those months with higher irri-
gation presented stronger trends. In addition, trends
were also detected in months with no irrigation, which
can be explained by the effect that shallow aquifers
have on the hydrology of the basin (retardation and
attenuation of hydrological response). Similar results
of seasonal trend patterns were reported for the Arba
River and several points of the Ebro basin (Spain)
between 1976 and 2004 for flow and dissolved solids
(CHE 2006). Those results were linked to irrigated
agriculture over large areas of the Ebro basin.
Trends detected in NO3- responded to the addi-
tion of nitrogen fertilizers coupled with irrigation
activity. In the case of NO3-, significant trends are
only detected for some of the months of the irriga-
tion season, with the highest trend, in June, proba-
bly influenced by side-dressing fertilization of maize
(Causapé et al. 2004), that being the main crop
present in the basin. Out of the irrigation season, no
monthly trends were detected.
Trends were also detected in the exported load of
contaminants. In nine months there was a significant
increase in SL, ranging from 21.5 to 36.0 Mg km-2
year-2 (16% to 34%), while 11 months presented
Fig. 4 Monthly (O–S) and annual (Y) trends detected with the S-K test for flow (Q), electrical conductivity (EC), nitrate
concentration (NO3-), salt load (SL) and nitrate load (NL) at Lerma gully during the hydrological years 2004–2011.
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a significant trend in NL, ranging from 165 to
442 kg NO3--N km-2 year-2 (25% to 40%). Trend
patterns for SL and NL were mainly conditioned
by trends in flow (positive trends for most of the
months) with slight differences depending on the
particular behaviour of each solute. It is interesting
to note that, although trends in nitrate concentra-
tion were only detected for three months, trends in
nitrate loads were detected in 11 months. As men-
tioned in Section 4.1, nitrate loads were influenced
more by water flow than by nitrate concentration, and,
therefore, the trends detected in water flow for all
months are consistent with the occurrence of trends
in NL in almost all months. This fact is important, as
management decisions are usually taken considering
only concentrations, as indicated by the EC Nitrate
Directive (91/676/EEC). Several studies agree that
loads, instead of concentration, must be considered in
regulations if an adequate assessment of the agricul-
tural impacts regarding nitrogen is to be performed
(e.g. Causapé et al. 2004, Arauzo et al. 2011).
In addition, shallow aquifers play an important role
in the seasonal impact of irrigation in the study area.
The attenuation and retardation of the hydrological
response prevents the pollutant loads from reaching
receiving body waters in the season when vulnerabil-
ity is maximum (summer low waters), and loads are
distributed throughout the year.
4.2.2 Trends in different periods The trend
results under different conditions (non-irrigated,
2004–2005, transformation to irrigation, 2006–2008;
and consolidation of irrigation, 2009–2011) are pre-
sented in Table 3. For non-irrigated conditions,
decreasing trends were detected for Q, SL and NL.
No trends were detected in the water quality parame-
ters. Trends in the non-irrigated period are related to
the decrease in precipitation between 2004 (634 mm)
and 2005 (237 mm), as trends were detected in param-
eters influenced by this variable, i.e. flow, salts load
and nitrogen load.
The trend in flow during the irrigated period
was 3.8 L s-1 year-1, but important differences were
observed between the transformation and the con-
solidation periods, 2.1 and –5.8 L s-1 year-1, respec-
tively. The sudden increase in flow observed between
2008 and 2009 (Fig. 3) is responsible for this unusual
trend pattern.
A different behaviour was observed between EC
and NO3- during the irrigation period, when trends
were assessed for the different stages of irrigation
implementation. Both EC and NO3- increased during
the transition period; however, EC decreased during
the consolidation period while NO3- remained stable
(Table 3). The EC pattern can be explained by means
of both a dilution effect and soil salt leaching caused
by irrigation water entering the system. For the first
years, EC increased as soluble salts stored in soils and
geological materials were leached. After the succes-
sive washing out of these salts, EC is now decreasing
and is expected to decrease until a new equilibrium
in salinization processes is reached. According to
Thayalakumaran et al. (2007), the time that elapses
until new equilibrium states are reached in salt bal-
ances varies from less than a year (root zone) to
Table 3 Annual trends detected by the Mann-Kendall test (p < 0.01) and quantified
by Sen’s slope for flow (Q), electrical conductivity (EC), nitrate concentration (NO3-),
salt load (SL) and nitrate load (NL) in Lerma gully during the non-irrigated period
(2004–2005) and the irrigated period (2006–2011). The irrigated period is subdivided into
the transition (2006–2008) and consolidation (2009–2011) periods.
Variables Non-irrigated
(2004–2005)
Irrigated (2006–2011)
Transition Consolidation
(2006–2008) (2009–2011)
Q (L s-1 year-1) −1.8 - 3.8
2.1 −5.8
EC (mS cm-1 year-1) - −0.21
0.26 −0.44
NO3- (mg L-1 year-1) - 9.4
28.1 -
SL (Mg km-2 year-2) −28.6 29.3
29.6 −84.7
NL (kg NO3--N km-2 year-2) −95 323
248 −512
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thousands of years (regional basin), and will depend
on climate. After reviewing several modelling stud-
ies, Thayalakumaran et al. (2007) suggest that the
time required for a small arid basin to reach a new
equilibrium in its salt balance is between a hundred
and a thousand years.
Nitrate concentration patterns can be explained
by the increased use of fertilizers while the irrigation
area and volume were increasing, as no fertilizer was
applied during 2004–2005. Previous to our monitor-
ing of Lerma gully, the use of fertilizers in rainfed
agriculture was a common practice, but was inter-
rupted for a couple of years when work for transfor-
mation to irrigation began. The previous fertilization
and climatic conditions explain the high nitrate values
obtained during the non-irrigated period, which are
comparable to those of the irrigated period, especially
in the dry year 2005 (precipitation: 237 mm, NO3-:
78 mg L-1). High nitrate concentrations have also
been reported for dry years by Reynolds and Edwards
(1995) and Burt et al. (2010) for upland streams and
long-term nitrate concentration time series, respec-
tively. By 2006, most of the nitrate stored in the
soils and aquifer during rainfed conditions should
have been released. At this moment, which coincides
with the beginning of irrigation, minimal values in
nitrate concentration were recorded. The progressive
increase in fertilizer application coupled with irriga-
tion increased the nitrate concentration in the gully.
After expansion of irrigation, the amounts of water
and fertilizer applied became stable; the hydrological
system appears to have reached a new equilibrium
regarding nitrate concentration, although it presents
a degree of variation as a consequence of the sea-
sonality in irrigation, fertilization and climate. Thus,
nitrogen dynamics seem to have a delay in response
to input changes at the upper basin scale (river orders
<3). This is probably due to water-transit times in
soils and groundwater. This delay is, as expected,
lower than what was observed at regional basin scales
(river orders >7), where delays can reach more than
10 years (Stålnacke et al. 2003).
The aforementioned processes affecting flow,
salinity and nitrate concentration have consequences
for the exported loads of contaminants. Both SL and
NL increased during transition and then decreased
during consolidation (as a consequence of decrease
in flow). However, SL decrease during consolidation
was relatively higher than that of NL (Table 3). While
SL decreased as a result of both lower flow and EC,
NL was only affected by the lower flow, as NO3-
remained stable during the consolidation period.
4.2.3 Trends for the entire study period The
seasonal Kendall (S-K) test provides an annual trend
value taking into account all seasons (Fig. 4). As seen
in Fig. 4, the overall trend was very significant for
all the variables (p < 0.001), even in cases where
few seasonal trends were detected as significant. This
fact can be explained by the particular case of NO3-:
although seasonal tests did not detect significant
trends for most months (Fig. 4), all the apparent trends
were in the same direction, i.e. increasing nitrate con-
centration with time. These monthly statistics were
aggregated when the annual trends were computed
(Helsel and Hirsch 2002), and thus the annual trends
were significant.
Over the entire study period, the S-K test detected
significant trends in Q (3.2 L s-1 year-1, +23% of
annual increase), EC (–0.38 mS cm-1 year-1, –9%),
and NO3- (5.4 mg L-1 year-1, +8%). In addition, pos-
itive trends were detected in SL (27.3 Mg km-2 year-2,
+19%) and NL (263 kg NO3--N km-2 year-2, +27%).
No trend in precipitation was detected, as occurred in
the seasonal test (monthly trends), pointing to irriga-
tion as the factor controlling changes in the gully’s
hydrology.
The scale of Lerma basin conditioned the prevail-
ing hydrological processes, which were different from
those studied in other basins. Thus flow and salinity
trends were different from those detected by CHE
(2006) at most of the Ebro basin gauging stations for
the hydrological years 1976–2004. A decrease in Ebro
River flow and an increase in salinity were detected
in the aforementioned study, especially in the lower
part of the basin. Trends at the Ebro basin scale were
explained by the implementation of irrigation in large
areas of the basin, including large areas with saline
soils. While in Lerma basin the only effect assessed
was the incorporation of irrigation return flows, for
the whole Ebro basin the effect of abstraction to pro-
vide water for irrigation and other uses resulted in less
water reaching the rivers, thus decreasing flows and
increasing salinity. Decreasing trends have also been
reported for flow in other large-scale basins where
the irrigated surface had significantly increased (e.g.
Great Ruaha River, Tanzania; Kashaigili 2008).
The Arba River presented interesting differences
to Lerma gully regarding the trends detected in Q
and EC. Contrary to the situation in the Ebro basin,
in both the Arba and Lerma basins the water used
for irrigation originated from neighbouring basins.
However, trends in flow were positive for Lerma basin
and negative for Arba basin. In addition, trends in
salinity were negative in Lerma basin and positive
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in Arba basin (CHE 2006). These differences can be
explained because the trends detected for the Arba
River are a response to an increase in water-use
efficiency as a consequence of modernization of irri-
gation systems and re-use of irrigation return flows
(Causapé 2009a, 2009b). In other areas, trends in
river water salinity have been related to the propor-
tion of the basin cleared for rainfed agriculture. The
greater the area cleared, the higher the trend observed
in water salinity, with no trends detected in those river
basins without transformation to agriculture (Peck
and Hatton 2003). Thus, both rainfed and irrigated
agriculture transformation cause increasing trends in
streamwater salinity.
Regarding nitrate concentration, Lassaleta et al.
(2009) also reported significant trends for the period
1981–2005 in four out of 10 sub-basins in the Ebro
basin that have experienced change from rainfed
to irrigated land over an average of 2.4% of their
basin areas, which are minor changes relative to what
occurred in Lerma basin (48%). Nitrate concentration
trends quantified for the Ebro basin (CHE 2006) were
positive (0.91 mg L-1 year-1 in the Arba River and
0.09–0.21 mg L-1 year-1 at Ebro River gauging sta-
tions), but much lower than those in Lerma gully
(5.6 mg L-1 year-1). These results agree with those
of Howden and Burt (2008), who found that detected
trends tended to decrease from the headwaters to main
rivers in two basins with areas of 208 and 414 km2 in
the south of the UK.
Observed differences between basins are com-
plex to account for, as many influencing factors
exist, even if we assume that irrigation has a major
role. The main factors are the proportion of irri-
gated surface (Ebro basin, 9.2%; Arba basin, 25.1%;
and Lerma basin, 48%), the rate of land-use change,
and the management of irrigation water. Estimated
trends were higher in the Lerma basin, as, unlike the
Arba or Ebro basins, a high proportion of its sur-
face (48%) was subject to land-use change in a short
period of time (2006–2008), which could have a large
impact on nitrate concentrations in the short term
(Burt 2001).
Trends for loads of pollutants exported were pos-
itive and mainly depended on flow conditions, with
minor differences as a consequence of the decreas-
ing trend in salinity and the increasing trend in nitrate
concentration. According to CHE (2009b), trends in
SL and NL in most Ebro basin gauging stations
were non-significant or negative. In most cases, as
in the Lerma basin, trends in exported loads were
conditioned by trends in water flow.
Thus, the impacts of the transformation to irri-
gation on the hydrology of receiving water bodies
will depend on the characteristics of the irrigation
project (water withdrawn from the same or a neigh-
bouring basin), climate, hydrological properties of the
basin (soils properties, presence of groundwater sys-
tems) and agricultural management (rate of fertilizer
applications, recent or consolidated irrigation areas).
Other uses apart from irrigation add complexity to the
assessment of these impacts.
5 CONCLUSIONS
The hydrological dynamics of the Lerma basin have
been altered by the incorporation of irrigation return
flows. Although rain events imposed great variability
on the hydrological response, the effect of irriga-
tion could be isolated to a reasonable degree by
the use of non-parametric statistics. No significant
relationships were found between precipitation and
other hydrological variables of interest. However, sig-
nificant relationships were found between irrigation
volumes and flow and exported loads of salt and
nitrate, highlighting irrigation as a controlling factor
of the observed changes. Implementation of irrigation
imposed significant trends on hydrological variables:
(a) increase in flow at Lerma gully, detected both
monthly and annually; (b) decrease in salinity and
increase of nitrate concentration, mainly in summer
months; and (c) increase in exported loads of salts
and nitrate, as a consequence of the increase in flow.
The detected trends in Q and EC were rather different
to those reported in the literature for other irrigation
basins, where other processes or land uses inter-
acted with the effects of irrigation. The NO3- trend
was consistent with that detected at higher scales
but with decreasing values downstream, as the influ-
ence of other land uses gained relative importance
for water quality. Changes in flow mainly controlled
the exported mass of pollutants. It is important to
continue collecting data in the study area in order
to assess the medium- to long-term implications of
irrigation implementation.
The results of this study have shown the
hydrological changes imposed on a stream as a con-
sequence of the implementation of irrigation in its
hydrological basin. The data set generated can also be
used for testing hydrological models that simulate the
impacts of land-use changes, such as implementation
of irrigation. These impacts depend on the charac-
teristics of the irrigation project, the hydrology of
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the basin and the irrigation and fertilization manage-
ment, among other factors, which should be taken into
account in order to achieve the adequate management
of water resources.
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Irrigated  agriculture  affects  the  quality  of water  bodies  receiving  irrigation  return  flows  by both  salin-
ization  and nitrate  pollution,  which  are  controlled  by  site-specific  factors  such  as  geology  or  agriculture
management.  In this  work,  coupled  hydrogeochemistry  and  isotopic  data  are  used  to determine  the fac-
tors  controlling  water salinization  and  nitrate  pollution  in  a small  irrigated  basin  in  Northeast  Spain.
This  basin  is representative  of  a large  irrigated  surface  in  the  Middle  Ebro  Valley,  presenting  perched
aquifers  developed  over  Quaternary  glacis  and  half  of its surface  under  pressurized  irrigation.  Identifica-
tion  of  the  controlling  factors  and  the  differences  between  both  environmental  problems  (salinization  and
nitrate  pollution)  were  established  through  chemical  composition  and  stable  isotope  analyses  (ıD  and
ı18O-[H2O];  ı34S and  ı18O-[SO42]; ı15N and  ı18O-[NO3−]) of collected  samples  in  groundwater,  springs
and  surface  water  during  the  irrigated  and  the non-irrigated  season.  The  isotopic  composition  of  water
indicated  no  significant  evapoconcentration  and  a higher  influence  of irrigation  water  (rather  than  pre-
cipitation  water)  on  the hydrology  of  the  basin.  Sulphate  was  used  as a  tracer  for salinization.  There  was
no  positive  correlation  between  nitrate  and  sulphate,  indicating  differences  in  the  controlling  factors  for
each  compound.  Sulphate  content  was  significantly  higher  in  surface  water  than  in groundwater,  and  a
mixture  of  soil  and  local  gypsum  sulphates  explained  the  isotopic  composition  of most  of  the  collected
Chapter V: Isotopic Studysamples.  One  sampling  location  presented  samples  affected  by  fertilizers.  Nitrate  concentration  was  sig-
nificantly  lower  in surface  water  than  in  groundwater,  with  synthetic  fertilizers  being the  main  source,
especially  the  ammonia/urea  components.  The  isotopic  composition  of  surface  water  suggested  a  low
degree  of denitrification  while  circulating  in a diffuse  pathway  over  a  low  permeability  substrate.  All
water  quality  information  was incorporated  into  a conceptual  model  of the  study  site.
© 2014  Elsevier  B.V.  All  rights  reserved.. Introduction
After publication of the European Union Water Framework
irective (OJEC, 2000), all water bodies are required to achieve a
ood quality status by 2015. Agricultural practices affect soil and
ater qualities at a basin level and is regarded as the main source
f diffuse pollution (Novotny, 1999). Specifically, irrigated agricul-
ure results in considerable impacts on surface and groundwater
ue to the irrigation return flows that adversely affect water qual-
ty (García-Garizabal et al., 2012). The salinization of soils and water
odies as well as nitrate pollution are topics of special interest.
∗ Corresponding author. Tel.: +34 976 555 282; fax: +34 976 553 358.
E-mail address: d.merchan@igme.es (D. Merchán).
ttp://dx.doi.org/10.1016/j.agee.2014.05.011
167-8809/© 2014 Elsevier B.V. All rights reserved.
61Although necessary for agriculture in semi-arid to arid environ-
ments, irrigation water can add salts or mobilize the salts stored in
soils and geological materials and the application of agrochemicals
can influence water quality by both adding solutes and enhancing
natural weathering (Koh et al., 2007; Kume et al., 2010). The salin-
ization of soils causes productivity losses, and, in water bodies that
receive salt-enriched irrigation return flows, can affect both water
supply systems and ecosystems (Duncan et al., 2008; Nielsen et al.,
2003). As a consequence, the long-term sustainability of agricul-
ture depends on protecting land and water resources from salinity
(Thayalakumaran et al., 2007).Nitrate pollution is a major concern in agricultural areas since
high nitrate levels have been long regarded as dangerous for human
health and ecosystems (Fan and Steinberg, 1996; Sutton et al.,
2011). Nitrate pollution is indeed aggravated by the fact that other
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itrogen forms (such as organic N or ammonia) are present in
aters but not considered in most of the cases, neither in legislation
e.g., Nitrates Directive, OJEC, 1991) nor in environmental studies
Sutton et al., 2011). Despite the fact that nitrate leaching varies
onsiderably with climatic conditions (Elmi et al., 2004), the actual
mpact of nitrogen pollution on surface and groundwater depends
n specific features of the area (such as soil types or the presence
f reducing conditions in aquifers) and irrigation/fertilization man-
gement (e.g., Schepers et al., 1995). Thus, an understanding of the
ate of nitrate in natural waters is vital for managing risks associ-
ted with nitrate pollution, and to safeguard groundwater supplies
nd dependent surface waters.
Multi-isotopic studies coupled with hydrogeological and hydro-
hemical information have proved to be useful tools to assess the
rigin of solutes. For instance, Krouse (1980) suggested that ı34S is a
ood tool to identify natural and anthropogenic sources of dissolved
ulphate, especially in small study areas, where the sources of dis-
olved sulphate can be easily distinguished. In addition, numerous
tudies have used the sulphur isotopic composition coupled with
he oxygen isotopic composition of the dissolved sulphate molecule
o characterize the sources of dissolved sulphate in surface and
roundwater (e.g., Rock and Mayer, 2009; Houhou et al., 2010;
ichomirowa et al., 2010).
The  different sources and processes that affect nitrate can also
e evaluated through its isotopic compositions (e.g., Baily et al.,
011; Kaown et al., 2009; Otero et al., 2009). Common sources of
itrate such as synthetic fertilizers, manure or sewage effluents
resent different isotopic compositions (e.g., Kendall et al., 2007).
sotopic analysis distinguishes between nitrate and ammonia-type
ertilizers, and different processes that affect dissolved nitrate can
e identified. Among these processes, natural attenuation of nitrate
ollution presents a characteristic trend in isotopic data, allowing
or its detection and, in some cases, its quantification (Sebilo et al.,
003).
However, dual isotope analysis alone does not always provide
onclusive information on sources and processes that these solutes
ave undergone (Kaown et al., 2009) and the information pro-
ided has to be considered in a qualitative way  (Kendall et al.,
007). Chemical data and hydrological information should be
imultaneously used to interpret isotopic compositions and also to
etermine the sources and biogeochemical history of solutes in the
ystems.
In this context, the results obtained in the monitoring of a
mall basin recently transformed into irrigation land are presented
erein. The basin outlet has been monitored during the last decade
hydrological years 2004–2012), resulting in the detection of signif-
cant increasing trends in water flow (3.2 L s−1 year−1) and nitrate
oncentration (5.4 mg  L−1 year−1), and decreasing trends in water
alinity (indicated by the electrical conductivity of water corrected
o 25 ◦C, −0.38 mS  cm−1 year−1) (Merchán et al., 2013). In this pre-
ious study (Merchán et al., 2013), the hydrology of the Lerma Gully
s deeply described and its dynamics through the implementation
f irrigation studied. The objectives of the present study were to
etermine the causes of these dynamics through the assessment
f environmental indicators of both shallow groundwater and sur-
ace water. Specifically, we expose how selected isotopic data can
ignificantly increase the qualitative knowledge of a hydrological
ystem with several potential sources of salinity and nitrate.
.  Materials and methods
Hydrological Assessment of a Ne
          Salinization and Nitrate Po.1.  Description of study site
The study site is a small hydrological basin, Lerma Basin
7.38 km2, Fig. 1), in which irrigation is applied to a high proportion
62nd Environment 195 (2014) 127–138
of  its surface. This basin is representative, regarding geology,
hydrology and agronomy, of a broad range of land-water connected
environments in the region (Causapé et al., 2004). It is located
inside the municipality of Ejea de los Caballeros (Zaragoza, Spain),
and presents a Continental to Mediterranean climate (Spanish
National Agency of Meteorology, 2012) characterized by extreme
temperatures along with irregularity and scarcity of precipitation.
Temperatures can reach −18 ◦C during extreme winters and 40 ◦C
during summer, with an average annual temperature of 14 ◦C.
Average annual precipitation is 468 mm,  with precipitation con-
centrated in Spring and Fall. Summers are dry, with occasional
storms.
Two groups of geologic materials are found in Lerma Basin (ITGE,
1988; Fig. 1). A bottom layer of Tertiary materials composed by clay,
marls and limestone (66% of its surface) is covered by a surface
layer of 10 m maximum thickness of Quaternary materials consist-
ing of stony gravel with a loamy matrix (glacis, 34%). A network of
gullies developed over the glacis exposes Tertiary materials. Soils
developed on Quaternary materials (Calcixerollic Xerochrepts, Soil
Survey Staff, 1992) display loamy textures, 60–90 cm of effective
depth, low salinity and small risk of erosion (slope <3%). On the
other hand, soils developed on Tertiary materials (Typic Xeroflu-
vent, Soil Survey Staff, 1992) present 30–45 cm of effective depth,
high salinity and significant risk of erosion (slope >10%). These
characteristics identified Quaternary soils as suitable for conver-
sion into irrigated land (Beltrán, 1986) and, as a consequence,
the irrigated area covers mainly the Quaternary surface. The high
salinity of Tertiary materials is inherited, since it comes from sedi-
ments deposited in drying lake conditions in the centre of the Ebro
Depression. For instance, there is a significant presence of soluble
sulphate-bearing mineral in the basin, with tabular and nodular
gypsum in a well-defined stratum (Fig. 1); gypsum is also present
in other lithologies as cementation (ITGE, 1988).
Regarding hydrological behaviour, Quaternary materials
present medium to high permeability, constituting free inter-
granular perched aquifers, whereas Tertiary materials present
low to very low permeability. Precipitation and irrigation water
infiltrate (vertically) through Quaternary materials until reaching
Tertiary materials, where it flows horizontally. The main flow
directions in the basin are from SE to NW (Fig. 1), following the
network of gullies, and is determined mainly by the slope of the
outcropping materials.
The  network of gullies have excavated through the Quaternary
materials until the Tertiary was  reached. Thus, all the gullies are
over Tertiary materials (Fig. 1) and the contact with Quaternary
materials, where groundwater seeps feeding the gullies, is close to
them. Before irrigation started, the flow in these streams occurred
mainly during Spring and Fall, i.e., in the rainy seasons (Abrahão
et al., 2011a); after implementation of irrigation the Lerma Gully
has become a perennial stream. In addition, it imposed a high
waters period during the late summer along with, in general, lower
salinities and higher nitrate concentrations (Merchán et al., 2013).
These patterns were also observed in the aquifer, with maximum
saturated thickness and seepage flow in late summer, after the
irrigated season.
During  Spring and Summer, Lerma Basin receives water from
the Aragón River via the Bardenas irrigation channel. Pressur-
ized irrigation systems cover 48% of the Lerma Basin surface.
Typical Middle Ebro Valley crops are cultivated: maize, win-
ter cereal, sunflower and vegetables. The most widespread crop
was maize, which has also the highest irrigation rates (around
700 mm year−1). Other common crops received 552 mm year−1
plemented Irrigated Area in Spain: 
 from Irrigation Return Flows(vegetables), 250 mm year−1 (sunflower) or 160 mm year−1 (winter
cereal).
According to individual surveys, the estimated amount
of synthetic nitrogen fertilizer applied in the plots is ca.
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Chapter V: Isotopic StudyFig. 1. Location map  of Lerma Basin inside Arba and Ebro Basins, hydrological an
52 kg N ha−1 year−1 for maize, 143 kg N ha−1 year−1 for winter
ereal, 104 kg N ha−1 year−1 for sunflower, and 56–124 kg N ha
1 year−1 for vegetables. Fertilization is performed in multiple
pplications throughout the growing season, using liquid fertilizers
ncorporated to irrigation water (mostly N32), urea and compound
ertilizers (NPK). Maize fertilization is carried out mainly with N32
nd urea fertilizers, with a pre-sowing application (around April)
nd 2–4 side-dressing applications (between June and August).
ertilization of other crops is quite more variable, depending on
xpected productions, weather conditions, etc.
The main environmental issues in Lerma Basin are salinization
nd nitrate pollution of downstream water bodies (Abrahão et al.,
011a,b). Arba River, which is the receiver of Lerma Gully waters, is
he river that presented the highest increase in salinity and nitrate
oncentration in the Ebro Basin during the period 1975–2004 (CHE,
006). In fact, Arba River was the first surface water body declared
s polluted by nitrate in the entire Ebro Basin (MMARM, 2011). For
his reason, the study area and its surrounding basins were desig-
ated as vulnerable areas to nitrate pollution in 2008 (BOA, 2009).
n increase in knowledge on water bodies suffering severe water
uality problems has been considered paramount by the Ebro Basin
ater Authority (In Spanish: Confederación Hidrográfica del Ebro).
.2. Hydrochemical and isotopic characterization
Samples were collected on July 27th 2011 (irrigated season,
ummer) and January 10th 2012 (non-irrigated season, Winter),
hich represent high and low water seasons (high water levels in
he gullies and aquifer occurred in late summer, at the end of the
rrigated season). Samples were collected at least one week after
he last precipitation event to avoid dilution and mixing effects.
amples were collected from four piezometers (groundwater sam-
les, GW), two springs (SpW), and two gullies (surface waters, SW)
n an approximate flow line (Fig. 1). These monitoring points were
elected after preliminary analyses were carried out in a broader
onitoring scheme. The piezometers were drilled in 2008 in the
uaternary materials to a depth between 6 and 8 m,  until the Ter-
iary was reached, going around 50 cm inside the Tertiary materials.
hese materials were always dry 20 cm below the contact, which
s a proof of their low permeability, since the Quaternary materials
63ation features. Ground, spring and surface water monitoring points are depicted.
just  above were saturated. One of the piezometers appears out of
the surface catchment (Fig. 1) but the chemical composition of the
water in this aquifer was homogeneous (unpublished results from
preliminary studies), so this piezometer is considered as represen-
tative of the groundwater in this section of the catchment.
The  variability in the chemical composition of precipitation and
irrigation water was very low (Abrahão et al., 2011b). Thus, only
a sample of irrigation water and several samples of precipitation
water were collected during the study period.
Field parameters (electrical conductivity corrected to 25 ◦C
[EC], Temperature [T], pH, redox potential relative to hydrogen
electrode [Eh], dissolved oxygen [DO] and alkalinity) were mea-
sured in situ just after sample collection. Samples were filtered
using a 0.45 m filter prior to analysis. Chemical parameters (Cl−,
SO42−, HCO3−, CO32−, Na+, K+, Ca2+, Mg2+, silica, NO3−, NO2−,
NH4+, Kjeldahl N [KN] and total organic carbon [TOC]) were ana-
lyzed by standard analytical methods at the Geological Survey
of Spain (IGME) laboratories. Total-N was calculated by addition
of NO3−, NO2− and Kjeldahl N concentrations. Cations and silica
were determined by inductively coupled plasma-atomic emission
spectrometry (ICP-AES), and anions were determined by high per-
formance ion chromatography (HPLC). When necessary, samples
were diluted to obtain adequate responses from the analytical
equipment. The sample for KN was acidulated immediately after
collection with H2SO4 until pH < 2 and titration was utilized to mea-
sure the amount of ammonium sulphate obtained. TOC analysis was
preceded by combustion and detected by non-dispersible infra-red
emission using TOC-V analyzer Shimadzu. The cation–anion bal-
ance was cross-checked, and for all analytical results the error was
under 6%.
Isotopic analysis included the nitrogen and oxygen isotopic
composition of dissolved nitrate (ı15N and ı18O-[NO3−]), the sul-
phur and oxygen isotopic composition of dissolved sulphate (ı34S
and ı18O-[SO42−]) and the deuterium and oxygen isotopic com-
position of water (ıD and ı18O-[H2O]). For ı15N and ı18O-[NO3−],
isotopic analyses were performed according to the anion exchange
method proposed by Silva et al. (2000). For ı34S and ı18O-[SO42−],
dissolved sulphate was  precipitated as BaSO4 by adding BaCl2·H2O
after acidification with HCl and ebullition to prevent BaCO3 pre-
cipitation. Deuterium and O isotopes of water were analyzed in
1 tems and Environment 195 (2014) 127–138
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Fig. 2. Bivariate plot of NO3−-N against SO42− concentrations. GW:  groundwater;
SpW:  spring water; SW:  surface water. White symbols represent samples collected
during the irrigated season whereas filled symbols represent samples collected dur-
ing the non-irrigated season. No significant relationship was detected between the
solutes.
wly Implemented Irrigated Area in Spain: 
llution from Irrigation Return Flows30 D. Merchán et al. / Agriculture, Ecosys
 Finnigan Matt Delta S Isotope Ratio Mass Spectrometer (IRMS)
oupled to an automated line base on the equilibration between
-water and H2 gas with a Pt catalyst, and between O-water
nd CO2 gas following standard methods (Epstein and Mayeda,
953). Results are reported in ı per mil  relative to the interna-
ional standards: VSMOW (Vienna Standard Mean Oceanic Water)
or ıD and ı18O, AIR (atmospheric N2) for ı15N, V-CDT (Vienna
anyon Diablo Troillite) for ı34S. The reproducibility (1) was
alculated using international and internal laboratory standards
ystematically interspersed in the analytical batches: ±0.3‰ for
15N-[NO3−]; ±0.3‰ for ı34S-[SO42−]; ±1.5‰ for ıD-[H2O]; ±0.5‰
or ı18O-[NO3−], ı18O-[SO42−] and ı18O-[H2O]. Isotopic analyses
ere carried out at the laboratory of the Mineralogia Aplicada i Medi
mbient research group and performed at the Centres Científics i
ècnics of the Universitat de Barcelona (CCiT-UB).
Additionally, four samples of nodular and tabular gypsum of a
tratum present in the study zone (Fig. 1) were collected to charac-
erize the isotopic signal of local gypsum. 0.2 g of gypsum samples
ere dissolved in 300 mL  of distilled water and the dissolved
ulphate obtained was analyzed using the procedure previously
escribed for water samples.
.3.  Statistical treatment
For  every studied variable, one-way ANOVA post hoc tests were
erformed to check if there were significant differences between
ampling dates (irrigation season and non-irrigation season) or
etween sampling locations (groundwater, spring water or sur-
ace waters). The Bonferroni method was used in the ANOVA tests,
hich is the more appropriate when comparing groups with dif-
erent number of observations. The level of significance was set to
%. Even though technically samples taken in the same location
n different dates are not independent, this approach was justified
iven the limited number of points on the basis of data exploration
nd is only used as a guide to assessing other data and not consid-
red definitive itself. In addition, tests for regression between every
ombination of pairs of variables were performed. The statistical
ackage Statgraphics (Statpoint Technologies, 2009) was  used for
he computation of the performed tests.
. Results and discussion
Average  EC, pH, Eh and DO of the water samples were
.98 mS  cm−1, 7.7 pH units, 223 mV  and 7.7 mg  L−1 for groundwater
nd 3.29 mS cm−1, 8.2 pH units, 282 mV  and 10.0 mg  L−1 for surface
aters. Samples collected in springs presented intermediate values
Table 1). EC and pH were significantly higher in surface water than
n groundwater. No significant differences were found between the
rrigated and non-irrigated seasons in EC and pH. However, DO and
h were higher during the non-irrigated season (winter), which
s explained by the higher capacity of water to carry DO at lower
emperatures.
Similarly, concentrations of major water constituents were dif-
erent regarding groundwater, springs and surface water (Table 1).
oncentrations of Cl−, SO42− and Ca2+ in surface water were sig-
ificantly higher than in groundwater. In the case of NO3−, the
oncentration in surface water was significantly lower than in
roundwater. The main increase in average concentration (com-
aring groundwater and surface water) was observed in SO42−
116%) followed by Cl− (86%). A negative correlation was  found
etween SO42− and NO3− (Fig. 2) in the study area, pointing to
Hydrological Assessment of a Ne
          Salinization and Nitrate Poifferent processes controlling the concentration of these solutes.
his result contrasts with some studies in agricultural areas where a
ositive correlation existed between SO42− and NO3− (e.g., Nakano
t al., 2008). According to the Piper classification, the majority
64Fig. 3. Piper diagram of irrigation (I), precipitation (P), ground (GW), spring (SpW)
and surface (SW) waters collected in Lerma Basin during the irrigated season (white
symbols) and the non-irrigated season (filled symbols).
of Lerma Basin waters are Na+-(Cl−, SO42−) type (Fig. 3). Some
samples tended to (Ca2+, Mg2+)-HCO3− water types, showing the
influence of precipitation and irrigation waters, which are (Ca2+,
Mg2+)-HCO3− types.
3.1. The influence of irrigation water on Lerma Basin
ıD-[H2O] ranged between −56.7 and −45.0‰, with a median
value of −49.3‰. ı18O-[H2O] ranged from −7.8 to −6.4‰, with a
median value of −6.9‰ (Fig. 4 and Table 2). No significant differ-
ences were detected between the two  sampling surveys or between
ground, spring or surface waters for ıD-[H2O] and ı18O-[H2O].
The local meteoric water line (LMWL, ıD = 7.6·ı18O + 4.8; Fig. 4),
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Table  1
Field  parameters and concentration of selected parameters in Lerma Basin water samples.
Site EC pH DO Eh HCO3− SO42− Cl− Ca2+ Mg2+ Na+ K+ TOC NO3−-N TN
Units mS cm−1 – mg  L−1 mV mg L−1 mg  L−1 mg  L−1 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1 mg L−1
Preca 0.03 5.7 nd nd 14.1 2.3 1.6 4 1 1.4 0.6 <0.5 0.5 nd
Irr 0.33 8.1 nd nd 161.7 19.3 18.3 48 8 11.4 1.1 1.3 0.2 nd
Irrigated  season (27/07/2011)
GW
P4  1.19 7.6 7.1 211 348 125 126 49 32 233 4.2 2.9 37.3 39.4
P10 1.48 7.5 7.8 210 446 163 203 60 74 240 8.5 3.7 31.8 34.1
P11 0.97 7.4 6.7 231 432 149 31 65 64 100 5.4 3.5 17.9 20.9
P12 2.86 7.5 6.8 218 312 355 502 85 84 420 4.0 5.2 22.6 26.7
SpW
S1  1.81 7.5 7.0 193 506 157 205 59 50 307 5.2 4.1 29.4 31.5
S2 1.78 8.2 7.7 194 400 206 224 64 68 279 7.8 3.8 38.2 29.5
SW
B1  2.60 8.2 9.1 253 420 381 395 93 79 398 6.6 4.7 17.4 19.3
B2 4.28 8.2 8.7 226 590 795 764 154 132 754 5.5 5.1 12.9 15.6
Non-irrigated  season (10/01/2012)
GW
P4 1.10 7.8 9.4 225 186 127 134 50 22 197 3.1 2.4 38.6 40.3
P10 1.94 7.8 8.1 223 289 225 380 53 71 342 6.3 3.9 30.5 33.7
P11 1.71 7.6 6.3 236 310 273 294 74 70 291 5.1 3.8 27.5 28.7
P12 2.83 8.0 9.0 229 211 400 522 79 88 433 3.5 4.9 28.0 28.6
SpW
S3b 2.84 8.4 13.6 287 263 297 408 99 56 403 2.6 5.6 52.4 53.5
S2 2.04 8.4 10.5 277 282 250 256 64 61 272 6.7 4.0 28.9 29.6
SW
B1  2.96 8.2 11.4 325 290 376 352 81 68 355 4.3 3.9 19.0 25.1
B2 3.33 8.3 10.9 323 246 502 496 111 96 400 3.6 4.1 12.2 17.7
Averages
Irrigated
season
2.12 7.8 7.6 217 432 291 306 79 73 341 5.9 4.1 25.9 27.1
Non-irrigated
season
2.34 8.1 9.9 266 260 306 355 76 67 337 4.4 4.1 29.6 32.1
Significatively
different?
No No Yes Yes Yes No No No No No No No No No
GW  1.76 7.7 7.7 223 317 227 274 64 63 282 5.0 3.8 29.3 31.6
SpW  2.12 8.1 9.7 238 363 228 273 72 59 315 5.6 4.8 37.2 36.0
SW  3.29 8.2 10.0 282 387 514 502 110 94 477 5.0 4.4 15.4 19.4
Significatively
different?
Yes Yes No No No Yes Yes Yes Yes No No No Yes Yes
n
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Chapter V: Isotopic Studyd: not determined.
a Average data from several samples.
b Spring S1 was dry in this sampling occasion and a nearby spring was  sampled i
hich is similar to the global meteoric water line (GMWL, Craig,
18961), is composed of ı O and ıD values from modern rainfall,
onitored over seven years at Zaragoza’s Airport station (approx-
mately 50 km southeast of Lerma Basin) as part of the Global
etwork for Isotopes in Precipitation (IAEA/WMO, 2006). The slope
ig. 4. (A) ı18O vs. ıD of the Global Meteoric Water Line (GMWL; Craig, 1961), precipi
recipitation (grey diamond shapes), the Local Meteoric Water Line of Zaragoza (LMWL, 
erma  Basin samples: irrigation (I), average precipitation (P), ground (GW), spring (SpW) 
he  non-irrigated season (filled symbols).
65.
of the best-fit straight line for the dataset is 6.7, which is lower
than the LMWL  of Zaragoza (Fig. 4). However, this value is higher
than the range of values reported in literature as indicative of
open water evaporation (from 2 to 6, Kehew, 2001), indicating
that Lerma waters are not significantly evaporated under these
tation events of more than 20 mm in Zaragoza (white circles), weighted average
IAEA/WMO, 2006), and samples collected in Lerma Basin (LB waters). (B) Details of
and surface (SW) waters, collected during the irrigated season (white symbols) and
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Table  2
Isotopic data of Lerma Basin water samples.
H2O SO42− NO3−
Site ı2H ı18O ı34S ı18O ı15N ı18O
Units ‰ ‰ ‰ ‰ ‰ ‰
Preca nd nd nd nd nd nd
Irr −53.2 −7.5 nd nd nd nd
Irrigated  season (27/07/2011)
GW
P4 −51.1 −7.3 +8.4 +8.2 +3.5 +2.5
P10 −45.0 −6.4 +6.6 +9.1 +5.3 +5.0
P11 −56.7 −7.5 +5.6 +7.6 +3.0 +5.1
P12 −52.2 −7.0 +7.2 +12.4 +6.3 +5.9
SpW
S1 −49.1 −6.7 +6.7 +7.7 +5.6 +5.3
S2 −48.8 −6.7 +6.6 +8.6 +5.2 +4.0
SW
B1 −49.2 −6.8 +6.8 +12.7 +7.2 +7.0
B2 −48.8 −6.7 +2.7 +13.7 +9.3 +13.8
Non-irrigated season (10/01/2012)
GW
P4 −55.2 −7.7 +8.3 +7.3 +3.0 +4.6
P10 −47.2 −6.7 +8.0 +10.5 +5.2 +12.8
P11 −49.8 −7.1 +6.4 +9.7 nd nd
P12 −49.4 −6.9 +7.0 +12.4 +5.3 +21.4
SpW
S3b −48.5 −6.8 +6.6 +8.7 +5.6 +9.6
S2 −48.6 −6.9 +6.5 +8.6 +5.7 +13.7
SW
B1 −51.6 −7.4 +6.6 +12.6 +6.3 +12.6
B2 −54.3 −7.8 +3.4 +13.1 +8.2 +21.5
Averages
Irrigated  season −50.1 −6.9 +6.3 +10.0 +5.7 +6.1
Non-irrigated season −50.6 −7.2 +6.6 +10.4 +5.6 +13.7
Significatively different? No No No No No Yes
GW  −50.8 −7.1 +7.2 +9.7 +4.5 +8.2
SpW  −48.8 −6.8 +6.6 +8.4 +5.5 +8.2
SW  −51.0 −7.2 +4.9 +13.0 +7.8 +13.7
Significatively different? No No Yes Yes Yes No
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a Average data from several samples.
b Spring S1 was  dry in this sampling occasion and a nearby spring was  sampled i
onditions. However, the displacement of values to the right side
f the LMWL  could be a consequence of evaporation in the unsat-
rated zone, as specifically observed in a couple of groundwater
amples (Fig. 4). Moreover, according to Han et al. (2011), deu-
erium excess (Dansgaard, 1964) generally decreases if the water
vaporates significantly. This pattern was not clearly observed in
erma Basin waters, pointing to low-significant evaporation. In
ddition, the enrichment in Cl− (an indicator of water salinity)
as not correlated with ı18O-[H2O] (Fig. 5), indicating that mainly
ilution (and not evaporation) accounts for the salinity increase
Portugal et al., 2005). Only surface water shows small seasonal
ariations during summer to higher values that can be interpreted
s produced by evaporation, but isotopic variations are very small
ig. 5. ı18O-[H2O] vs. chloride concentration in irrigation (I), ground (GW), spring
SpW)  and surface (SW) waters during the irrigated (white symbols) and non-
rrigated  season (filled symbols). No correlation was detected between these two
ariables.
66.
(<0.2 ı18O units and <1 ıD units, near to the analytical error) indi-
cating that evaporation is not a significant process.
The weighted average values of ıD and ı18O in precipitation
events (>20 mm)  were −41.1‰ and −6.2‰, respectively. In a ıD
vs. ı18O diagram, samples collected in Lerma Basin were located
between the isotopic compositions of average precipitation and
irrigation waters. Although highly dispersed, they generally plot
closer to the isotopic composition of irrigation water (Fig. 4), sug-
gesting irrigation water had a higher influence on the increase in
water flow observed during the last decade.
With the isotopic composition of average weighted precipi-
tation water (ıDP = −41.1‰ and ı18OP = −6.2‰), irrigation water
(ıDI = −53.2‰ and ı18OI = −7.5‰) and an estimation of Lerma
Basin waters (ıDLB = −49.3‰ and ı18OLB = −6.9‰, computed as the
median of all the collected samples), precipitation contribution (XP)
was computed using a simple mass balance (Eq. (1)):
XPıDP + (1 − XP)ıDI = ıDLB (1)
A  similar equation was applied for ı18O and XP values were
0.32 and 0.46 respectively. According to this approach, irrigation
water had more influence than precipitation water in the origin of
Lerma Basin waters, with a contribution up to 60%. These results
should be taken with caveat, due to the low number of samples
and the dispersion in the isotopic values. However, they corrobo-
rate those of Merchán et al. (2013), who  related increasing trends
in Lerma Basin flows to the increase in irrigation, as no trends were
detected for precipitation values. Thus, according to the aforemen-
tioned information and the mass balance carried out, Lerma Basin
waters originate dominantly from irrigation water.
D. Merchán et al. / Agriculture, Ecosystems a
Fig. 6. Bivariate plot of Cl− vs. SO42− concentrations in ground (GW), spring (SpW)
and surface (SW) waters of the Lerma Basin during the irrigated season (white
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Chapter V: Isotopymbols)  and non-irrigated season (filled symbols). Best-fit line and correlation
stimates.
.2. Sulphate sources as indicators of salinity sources
Sulphate concentration was highly correlated to chloride con-
entration (R2 = 0.85; Fig. 6) and to many other indicators of
ater salinity (e.g., EC). Moreover, sulphate presented the high-
st increase between low-salinity groundwater and high-salinity
urface water (116% in average, Table 1). Thus, the origin of sul-
hate can be considered as representative of salinization processes.
O42− concentration ranged from 125 to 795 mg  L−1, with signifi-
ant differences between the sampling surveys. In general, sulphate
oncentration was higher during the non-irrigated season (win-
er). Sample B2 is an exception, with 58% more sulphate during
he irrigated season. SO42− averaged 226.6 mg  L−1 in groundwater,
27.5 mg  L−1 in spring water and 513.5 mg  L−1 in surface water,
eing significantly higher in surface water.
ı34S-[SO42−] ranged from +2.7 to +8.4‰, with a median value of
6.6‰. ı18O-[SO42−] ranged from +7.3 to +13.7‰, with a median
alue of +9.4‰ (Table 2). Fig. 7 shows ı34S against ı18O of dis-
olved sulphate in Lerma waters, along with data from gypsum
amples, regarded as representative of the local origin of gypsum.
ig. 7 also depicts boxes covering the range of values reported in
iterature for soil sulphate (Rock and Mayer, 2009; Kaown et al.,
009) and sulphate from fertilizers (Vitòria et al., 2004). Samples
ere clustered in three groups for a ı34S-[SO42−] vs. ı18O-[SO42−]
lot (Fig. 7). The first cluster was constituted by samples col-
ected from a mix  of piezometers and springs, which presented
34S-[SO42−] varying from +5.6 to +8.4‰ and ı18O-[SO42−] varying
rom +7.3‰ to +10.5‰. Sulphate concentrations in these samples
anged from 124.5 mg  L−1 to 297.2 mg  L−1, being the lowest in all
ollected samples. The second group was composed of samples
rom a piezometer (P12, located near the nodular gypsum stratum,
ig. 1) and a surface water monitoring point (B1). ı34S-[SO42−]
n these samples ranged from +6.6 to +7.2‰, and ı18O-[SO42−]
anged from +12.4 to +12.7‰. Sulphate concentrations ranged from
54.6 mg  L−1 to 399.8 mg  L−1. Finally, samples collected in sur-
ace water point B2 presented a characteristic isotopic signature
ı34S-[SO42−] from +2.7 to +3.4‰ and ı18O-[SO42−] from +13.1 to
13.7‰) and also the highest sulphate concentration (764.5 mg  L−1
n irrigated season and 502.4 mg  L−1 in non-irrigated season). No
ignificant differences in the isotopic composition were found
etween sampling dates, suggesting stability in sources and pro-
esses (Baily et al., 2011).
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Analysis of gypsum samples resulted in a very similar isotopic
composition across samples (Fig. 7). The ı34S values ranged from
+9.2 to +10‰ and the ı18O values ranged from +18.2 to +18.7‰,
which are very similar to those reported by Utrilla et al. (1992)
for the Lower Miocene near the study zone. Median values of ı34S
and ı18O were +9.7‰ and +18.5‰ respectively. These values can be
considered representative of diffuse gypsum present in the stratum
where the samples were collected, as differences between isotopic
values of nodular/laminar and interstitial gypsum in a column are
minimal (e.g., Huerta et al., 2010).
Typical sources of sulphate in surface and groundwater include
(Choi et al., 2011): atmospheric deposition (e.g., acid rain), oxida-
tion of reduced inorganic S compounds (e.g., pyrite), dissolution of
sulphate minerals (e.g., gypsum and anhydrite), agricultural fertil-
izers (e.g., NH4SO4, NPK(S) fertilizers) and mineralization of organic
soil sulphur. Lerma Basin waters presented SO42− concentra-
tions ranging from 124.5 to 764.5 mg  L−1. Atmospheric deposition
presents SO42− concentrations of approximately 1.7 mg  L−1 (Choi
et al., 2011) and hence cannot solely explain the elevated concen-
trations in Lerma waters even if evaporation and transpiration are
considered. Sulphide oxidation could not be the origin of sulphate
in Lerma waters, as indicated by the ı18O-[SO42−] vs. ı18O-[H2O]
plot (not shown). All samples collected in Lerma Basin plotted
clearly outside the area defined by Van Stempvoort and Krouse
(1994) where sulphate from sulphide oxidation should plot if they
are in isotopic equilibrium. In addition, the inexistence of sulphides
in the geological materials of the study zone corroborates this fact.
Therefore, the three potential sources for sulphate in Lerma waters
were soil sulphate, sulphate minerals from the geological back-
ground, and fertilizers.
A  mixing line between the average value of soil sulphate (cen-
tre of the box) and the local Lerma gypsum samples (median of
obtained values) is presented with 10% mixing steps, i.e., the iso-
topic composition presented in this line corresponds to 100% local
gypsum sulphate, 90% local gypsum – 10% soil sulphate, and so
on. The fertilizers box overlapped almost completely this mixing
line, hindering the determination of the origin of sulphate using
isotopes. For most of the samples, the mixing line between soil
sulphate and gypsum sulphate sufficed to relatively explain the
isotopic composition. In these samples, between 40% and 70% of
the sulphate origin could be attributed to local gypsum dissolution
(the higher the sulphate concentration, the more relative propor-
tion of gypsum dissolution). The only sample outside this pattern
was collected in point B2, which presented the highest sulphate
concentrations. This suggests a certain degree of influence from
sulphate in fertilizers in this sampling location, as decreasing ı34S-
[SO42−] with increasing SO42− concentrations have been related
to fertilizers (Hosono et al., 2007). The ı34S and ı18O values are
close to those present in some of the fertilizers most commonly
used in Lerma Basin, i.e., compound NPK and liquid (N32) fertil-
izers (Vitòria et al., 2004). Quantification of the influence was not
possible as there was  not a well-defined extreme value for fertil-
izers. No clear pattern related to other processes (different from
mixing) was  detected using the isotopic data.
Kume et al. (2010) reported the influence that fertilization man-
agement could have on salt loads, as soluble salts are added to
soils and water during fertilization applications. However, in Lerma
Basin waters the influence of fertilizers on salinization processes
was minor and only detected using isotopic data, since the higher
sulphate values were obtained in those locations with lower fer-
tilizers application, i.e., the less cultivated Tertiary materials. In
addition, several favourable conditions indicate that the seepage
ic Studywas the major salinization process in Lerma Basin. Between these
favourable conditions, it is worthy to mention excess percolation
of recharge water (irrigation water), soluble materials (evaporitic
134 D. Merchán et al. / Agriculture, Ecosystems and Environment 195 (2014) 127–138
F hate isotopic values ranges are depicted. Typical soil sulphate values (Rock and Mayer,
2 Vitòria et al., 2004). Mixing line between soil sulphate and local gypsum sulphate. GW:
g son. Filled symbols: non-irrigated season.
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          Salinization and Nitrate Pollution from Irrigation Return Flowsig. 7. ı34S vs. ı18O of dissolved sulphate in Lerma waters. Boxes with typical sulp
009; Kaown et al., 2009) and more commonly used fertilizers in the study zone (
roundwater; SpW: spring water; SW:  surface water. White symbols: irrigated sea
inerals in the Tertiary materials), and low permeability values at
elatively shallow depths, which favour lateral seepage (clay and
arls below the Quaternary materials) (Richter and Kreitler, 1991).
oreover, water salinity was already high in the upper reaches of
he basin surface waters, since these waters have already circu-
ated over the Tertiary materials (Abrahão et al., 2013), and the
ontribution of fertilizers in these upper reaches is expected to be
egligible due to small contributing agricultural area. Therefore,
he major salinization process is the dissolution of Tertiary salts
y the water flowing in contact with the Tertiary materials and,
onsequently, the observed decrease in salinity in the last decade
Merchán et al., 2013) probably responds to a combination of a
ilution effect caused by the addition of irrigation water and the
uccessive flushing of soluble salts. Although detected in one samp-
ing location, the role of fertilizers in sulphate contents is masked
y the natural conditions of the basin.
.3. Origin and controlling factors of nitrogen pollution
Nitrate was the predominant form of nitrogen encountered,
ccounting for 80% of total nitrogen. The concentration of the
emaining portion (i.e., the sum of nitrite, ammonia, dissolved
rganic nitrogen and particulate organic nitrogen) was propor-
ionally higher in samples were nitrate concentration were lower
Fig. 8). This pattern has been widely observed in European waters
Sutton et al., 2011), where nitrate concentrations are higher both in
bsolute terms and as a proportion of total-N along a gradient from
ligotrophic to eutrophic waters. In the Lerma Basin, the propor-
ion of NO3−-N in total-N in groundwater was significantly higher
han in surface water, which was similar to observations reported
t larger scale groundwater–surface water systems (1349 km2;
rauzo et al., 2011). Among different samples, nitrate accounted
or 69–98% of all detected nitrogen, with an average of 90% (Fig. 8).
hus, it was considered a reasonable assumption to use nitrate and
ts isotopic signature to assess the nitrogen pollution.
NO3−-N concentration ranged from 12.2 to 52.4 mg  L−1, without
ignificant differences between the irrigated season and non-
rrigated season. NO3-N averaged 29.2 mg  L−1 in groundwater,
4.2 mg  L−1 in spring water and 15.4 mg  L−1 in surface water, being
ignificantly higher in groundwater/spring water (Table 1). These
oncentrations are clearly above those feasible to obtain from nat-
ral soil N suggesting a minimal influence of this source in the
sotopic results (Kendall et al., 2007). ı15N-[NO3−] ranged from +3.0
o +9.3‰, with a median value of +5.6‰. ı18O-[NO3−] ranged from
2.5 to +21.5‰, with a median value of +7.0‰ (Table 2). In general,
68Fig. 8. Proportion of total nitrogen present in the form of nitrate-nitrogen in Lerma
Basin waters. GW:  groundwater; SpW: spring water; SW:  surface water. White
symbols: irrigated season. Filled symbols: non-irrigated season.
ı15N increased from values of +3.0 to +6.3‰ in groundwater or
spring water to +6.3 to +9.3‰ in surface waters. Regarding the rela-
tionship between ı15N and nitrate concentration, those samples
with higher ı15N presented lower nitrate concentration; samples
over +6‰ presented NO3−-N concentration below 25 mg  L−1.
Fertilization in Lerma Basin is mainly carried out using dif-
ferent forms of compound fertilizers, liquid fertilizers and urea.
Thus, nitrogen is applied to crops in a mixture of nitrate, ammo-
nia and urea-type fertilizers. While the isotopic signature of
NO3− from synthetic fertilizers is similar in nitrate-type and
ammonia/urea-type fertilizers for ı15N, it is quite different for
ı18O. Synthetic fertilizers present ı15N values between −1.7‰
and +3.9‰ (Vitòria et al., 2004; Fig. 9), as this nitrogen origin is
derived from atmospheric N2 (ı15N = 0‰) through the Haber–Bosch
process (Sutton et al., 2011). The ı15N of ammonia/urea-type
fertilizers  is known to slightly increase (2–3‰) in groundwater
as a consequence of volatilization (Kendall et al., 2007). How-
ever, the oxygen isotopic composition can be quite different in
nitrate-type and ammonia/urea-type fertilizers. The first is derived
from atmospheric O2 (ı18O = 23.5‰; Horibe et al., 1973) and
presents ı18O-[NO3−] between +18.0‰ and +25.1‰ (Vitòria et al.,
2004); whereas the ammonia/urea-type fertilizers are oxygen free.
Ammonia/urea is nitrified and incorporates atmospheric oxygen
D. Merchán et al. / Agriculture, Ecosystems and Environment 195 (2014) 127–138 135
Fig. 9. ı15N vs. ı18O of nitrate-nitrogen in Lerma waters. Boxes with typical nitrate isotopic values ranges are depicted from Vitòria et al. (2004) and the estimated ı18O from
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Chapter V: Isotopic Studyitrification is indicated by the dashed grey line. GW:  groundwater; SpW: spring w
eason.
one third) and water oxygen (two thirds) (e.g., Kendall et al., 2007;
aily et al., 2011). Thus, the ı18O-[NO3−] values will vary depending
n the local ı18O of water. Consequently, the values of ı18O-[NO3−]
erived from the nitrification of urea/ammonia fertilizers can be
stimated using the following equation:
18O-[NO3
−] = 1/3(ı18O-[O2]) + 2/3(ı18O-[H2O]) (2)
The  ı18O-[H2O] values of Lerma Basin waters ranged between
7.8 and −6.4‰ (Fig. 4) and a value of +23.5‰ for ı18O-[O2] (Horibe
t al., 1973) was used for the calculation. Thus, at the study site,
18O-[NO3−] values derived from nitrification should range from
2.6 to +3.5‰ (dashed line in Fig. 9).
This implies that the primary sources of nitrate in Lerma waters
ere ammonia/urea and nitrate from synthetic fertilizers. The
ower contents of ı15N and ı18O-[NO3−] observed in Lerma waters
ntersect the line of expected ı18O-[NO3−] for in situ nitrification
f ammonia/urea-type fertilizers which have suffered volatiliza-
ion (Fig. 9). Deviations of this isotopic signature occurred due to
ncreasing values of ı15N and/or ı18O-[NO3−]. These deviations
an be explained by mixing processes; mixing with nitrate from
rganic sources such as manure was not feasible as any sample
resented an isotopic composition towards the manure box (Fig. 9)
nd, in addition, manure application was reported to be negligi-
le. On the other hand, the nitrate component of mineral fertilizers
as detected in several samples, which indicates that nitrate-type
ynthetic fertilizers are the second source of nitrate in Lerma Basin
aters.
Differences were detected in the origin of nitrate across the two
ampling surveys. For the irrigated season sampling, a clear origin
rom ammonia and urea type fertilizers was detected, as most of the
amples were located within the values expected for nitrification of
his type of fertilizer (white symbols in Fig. 9). However, the origin
f nitrate was not clearly inferred for the non-irrigated season (grey
ymbols in Fig. 9). Samples were located between the expected iso-
opic composition for ammonia/urea and nitrate type fertilizers,
ointing to a mixture of fertilizers. These observations are in line
ith the fertilization practices developed in the study area. Dur-
ng the irrigated season, the most common crop is maize, which
s heavily fertilized, and the most common fertilizers applied to
aize are urea and/or N32 liquid fertilizer (1 N atom in NO3− form, in NH4+ form and 2 in urea form) for side-dressing. Thus, most
f the samples are located in a clear area of the ı15N vs. ı18O plot
orresponding to the nitrification of urea and NH4+. However, dur-
ng the non-irrigated season, winter cereal is dominant in the study
69SW:  surface water. White symbols: irrigated season. Filled symbols: non-irrigated
area. Lower fertilization rates are applied and the influence of other
crops is relatively higher. Different fertilizer types are applied to
this variety of crops, mainly NPK fertilizers, in which the proportion
of NO3− can be higher than that of ammonia (Otero et al., 2005). As
a consequence, in the non-irrigated season, values shifted towards
the isotopic composition of nitrate-type fertilizer, and most sam-
ples are located on a mixing line between nitrified ammonia/urea
fertilizers (slightly volatilized) and nitrate-type fertilizers.
The  samples that did not follow the general trend exposed above
(mostly surface waters) presented signs of denitrification. Denitri-
fication decreases nitrate concentration and modifies the isotopic
composition of remaining NO3−, increasing values in both ı15N and
ı18O with an approximate relationship between 1:1 and 2:1 (e.g.,
Kendall et al., 2007). Nitrate concentration in surface waters was
significantly lower than in groundwater or spring water (Table 1).
This decrease in nitrate concentration can be explained by two
processes: dilution with upstream surface water and/or natural
attenuation processes (denitrification). Some authors delineated
reduction processes from the dilution by tracking changes in ambi-
ent chloride to nitrate concentration ratios along the flow path
(Thayalakumaran et al., 2008; Craig et al., 2010). However, this
approach is of limited use in areas where chloride is not con-
served, as occurred in Lerma where significant changes in chloride
concentrations were observed in groundwater and surface water
(Table 1). Discharge measurements in upstream gullies (median
nitrate concentrations ca. 2 mg  L−1 as these gullies are mostly
unaffected by irrigation return flows, Abrahão et al., 2013) indi-
cated that, when there was no recent precipitation, groundwater
accounted for more than 90% of the measured outlet flow. This
is consistent with observations made prior to irrigation imple-
mentation, when the gullies dried up in summer (Abrahão et al.,
2011a). In this order of magnitude, dilution alone was not sufficient
to be responsible for the observed decrease in nitrate concentra-
tion. In addition, dilution does not change isotopic composition
and significant changes in isotopic composition were observed in
samples with a lower nitrate concentration. Thus, the decrease
in nitrate concentration could be due to a combination of dilu-
tion with upstream waters bearing low nitrate concentrations and
denitrification.
Denitrification processes prove to be highly site depend-
ent (Craig et al., 2010) and are commonly detected in both
aquifers and riparian zones with a particular set of characteristics
(Thayalakumaran et al., 2008; Ranalli and Macalady, 2010). Aquifer
saturated zones with reducing conditions are one of the main sites
1 tems a
i
e
r
e
w
d
t
d
a
7
d
d
t
p
i
o
s
(
s
e
a
a
i
<
e
a
c
(
t
a
m
t
fl
a
2
L
u
e
s
r
e
a
t
e
F
m
S
wly Im
llution36 D. Merchán et al. / Agriculture, Ecosys
n which denitrification has been reported (e.g., Thayalakumaran
t al., 2008; Craig et al., 2010). A non-limiting electron donor is also
equired, such as sulphurous minerals or organic carbon (Rivett
t al., 2008). TOC in Lerma Basin groundwater averaged 3.8 mg  L−1,
hich is sufficient to deplete oxygen and provide reducing con-
itions (Rivett et al., 2008). Eh averaged 223 mV,  which is within
he range where denitrification is reported to occur. However,
enitrification was not found to be feasible in the Lerma Basin
quifer saturated area, as dissolved oxygen concentration averaged
.3 mg  L−1, i.e., aerobic conditions above the threshold required for
enitrification. Despite the fact that some studies have detected
enitrification through isotopic approaches under aerobic condi-
ions (Otero et al., 2009; Craig et al., 2010), in the study area
resented herein the isotopic results did not demonstrate signif-
cant differences between the aquifer and springs in either ı15N
r ı18O-[NO3−]. In addition, nitrate concentration did not decrease
ignificantly from the aquifer saturated area to the seepage areas
Table 1). Therefore, no significant denitrification in the aquifer
aturated zone was detected.
A second “hot spot” for denitrification are riparian zones. The
ffectiveness of a particular zone will depend on several factors (rel-
tive location to groundwater sources, hydrogeological properties
nd vegetation; Ranalli and Macalady, 2010). Quaternary aquifers
n Lerma Basin are underlain by a low permeability layer (depth
4 m in most of the aquifer area), condition recognized in the lit-
rature as favourable for natural attenuation (Hill, 1996). In these
reas, groundwater-fed surface pathways are the main denitrifi-
ation sites, especially when the surface flow occurs diffusively
Shabaga and Hill, 2010). Springs in Lerma Basin were observed
o feed a diffuse pathway over low permeability Tertiary materi-
ls until the gullies were reached. The removal of nitrogen by this
echanism is highly dependent on: (i) flow conditions, as the water
able dynamics can activate-deactivate different zones of diffuse
ow (Shabaga and Hill, 2010); and (ii) surface water temperature,
 factor controlling denitrification rates in streams (Hansson et al.,
008). Both (i) and (ii) are highly variable throughout the year in the
erma Basin. Other variables, such as salinity or pH, presented val-
es within a range that will not affect denitrification rates (Rivett
t al., 2008).
Isotopic results demonstrated that the surface waters were
lightly but significantly enriched in ı15N (+6.3 to +9.3‰) with
espect to springs and groundwater (+3.0 to +6.3‰) (Fig. 9). Craig
Hydrological Assessment of a Ne
          Salinization and Nitrate Pot al. (2010) reported denitrification in several hotspots of a riparian
rea with ı15N variations of ca. +3‰, supported by ı18O varia-
ions of ca. +2‰, low NO3− concentrations and significant N2 gas
xcess in water. Shabaga and Hill (2010) reported a pattern of
ig. 10. Cross-section of the conceptual model of Lerma Basin behaviour. Quaternary m
udstone). K: permeability; S: salinity. Grey lines indicate phreatic level in high waters (
O42− and NO3− in Lerma Basin waters.
70nd Environment 195 (2014) 127–138
NO3− concentration decrease and ı15N enrichment (from +7 to
+8.6‰ to ca. +12.5 to +21.1‰) in flow lines of groundwater-fed sur-
face diffuse flow as a clear indicator of denitrification. Thus, accord-
ing to ı15N values, surface water presented signs of being slightly
denitrified with respect to source waters, i.e., ground and spring
water.
For the irrigated season samples, the ı15N vs. ı18O plot pre-
sented a linear correlation with a regression slope of 1.46 (R2 = 0.74,
n = 8; Fig. 9). This fact supported denitrification to be a nitrate
removal mechanism (Cey et al., 1999), although the value of the
slope is higher than the range of those reported in studies where
denitrification was clearly identified (between 0.5 and 1.0, Kendall
et al., 2007). The higher slope value is probably due to heterogeneity
in the original isotopic composition, since a mixture of nitrate and
ammonia/urea-type fertilizers is applied in the study zone. Thus, a
clear ı18O end-member for isotopic composition does not exist, but
rather a mixing line between two end-members. This fact indicates
ı18O is not of use for denitrification detection in this study case,
as the variations observed by the different nitrate sources clearly
exceed those that denitrification is expected to cause alone.
In  both surface water sampling locations, ı15N was  ca. 1‰ higher
during the irrigated season than during the non-irrigated season
(Fig. 9). Denitrification is suggested to occur more intensively dur-
ing the irrigated season period (summer), when surface water
temperature is favourable for nitrate reduction (Hansson et al.,
2008). For example, a 5 ◦C increase in temperature can result in a
10-fold increase in denitrification rates (Rivett et al., 2008). Thus the
main denitrification hotspot identified is a surface diffuse pathway,
i.e., between the seepage areas and the gullies, occurring during the
irrigated season. Similar observations were made in groundwater-
fed diffuse surface flow in three riparian zones of Southern Ontario
(Shabaga and Hill, 2010).
Therefore,  the upward trends observed in nitrate concentra-
tion during the last decade in Lerma Basin (Merchán et al., 2013)
respond to the increasing usage of synthetic fertilizers coupled with
the more productive agriculture that irrigation allows. The increase
in nitrate concentration observed could be more related to the
application of ammonia/urea type fertilizers, since nitrate is often a
preferential source for crop growth, especially for arable crops and
under high temperatures (Mengel and Kirkby, 1987). Moreover,
nitrate concentrations in the basin outlet support the hypothesis
of natural attenuation processes taking place, since they are sig-
plemented Irrigated Area in Spain: 
 from Irrigation Return Flowsnificantly lower than those observed for groundwater. Thus, even
with application of similar fertilizer rates, it is expected that nitro-
gen pollution can be different in other areas as natural attenuation
processes are very site specific.
aterials (sandy and loamy matrix gravels) overlay Tertiary materials (marl, clay,
irrigated season) and low water (non-irrigated season). Average concentrations in
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.4. Conceptual model of the Lerma hydrological system
Fig.  10 presents a simplified conceptual model of sulphate
salinization indicator) and nitrate behaviours in Lerma Basin.
recipitation and irrigation waters with low SO42− and NO3−
nfiltrate through Quaternary materials, increasing its SO42− and
O3−-N concentration to 227 mg  L−1 and 29 mg  L−1, respectively.
he sulphate enrichment of groundwater responds to three fac-
ors: evapoconcentration, addition of soil sulphate, and dissolution
f local gypsum. In the case of nitrate, the increase responds
o evapoconcentration and the addition of synthetic fertilizers.
roundwater flows mainly through Quaternary materials until
eaching Tertiary materials, where seepage occurs. Water from the
ampled springs does not present significantly modified salinity
nd NO3− concentration increased slightly only. Seepage water
ows in a diffuse way over the Tertiary materials, increasing con-
iderably SO42− concentration to an average of 513 mg  L−1 and
ecreasing NO3−-N concentration to an average of 15 mg  L−1. In
his stage, the increase in SO42− responds mostly to the dissolu-
ion of Tertiary gypsum although the influence of fertilizers was
etected. The decrease in nitrate concentration is probably due to
 dilution effect with low-nitrate water from upper channels of the
asin and to natural attenuation processes in diffuse flow paths
ver Tertiary materials.
Regarding  the differences between irrigated season (summer)
nd non-irrigated season (winter), they were controlled by both
eteorology and agronomy. During winter, it was expected that
ow flow conditions (absence of irrigation) would result in higher
O42− (and other salinity related parameters) concentrations. How-
ver, no significant differences were detected between seasons,
uggesting a homogenization in the water quality mediated by
he aquifers developed in the Quaternary materials. In the case of
itrate, no significant differences were detected either. However,
espite the higher flow conditions (as a consequence of irrigation),
ifferences in the isotopic composition suggested a higher degree of
enitrification in surface waters during the irrigated season, prob-
bly limited by low temperature during the non-irrigated season.
.  Conclusion
In this work, information gathered in a small basin recently
ransformed to irrigated agriculture has been used to investigate
alinization and nitrate pollution in irrigation return flows, which
re two widely recognized environmental problems concerning
rrigated agriculture. The conclusions obtained in this study must
e taken with caveat since they are obtained with scarce data, but
hey are indicative of the information a detailed isotopic study can
rovide.
Irrigation water contributed up to 60% of ground and surface
ater in the Lerma Basin, highlighting the influence of land use in
he hydrology of the basin. Evaporation played a minor role in the
ncrease in salinity suffered by incoming water in the basin.
Sulphate  was used as the primary solute indicator of saliniza-
ion processes for two reasons: it increased more substantially
rom groundwater to surface waters than other anions typically
ssociated with salinization (e.g., chloride), and also allowed for
nvestigation using isotopic methods. Mixing soil sulphate with the
ocal gypsum sulphate sufficed to explain the isotopic composi-
ion of most samples, but in the location with the highest sulphate
oncentration, the influence of fertilizers was detected.
Based on isotopic signatures, the increase in nitrate con-
Chapter V: Ientrations was more strongly related to the application of
mmonia/urea fertilizers than nitrate fertilizer inputs. Denitri-
cation likely accounted for low nitrate concentrations in the
roundwater-fed surface diffuse pathway to the gullies, with higher
71nd Environment 195 (2014) 127–138 137
activity levels during the summer irrigated season, as temperature
limited biological denitrification activity during winter in these
weather-exposed sites. A more detailed assessment is needed to
confirm this hypothesis.
It  is vital that the specific processes causing adverse environ-
mental impacts in agricultural watersheds, such as salinization and
increased nutrient exports, be identified and minimized. The con-
tribution of these processes to watershed health is variable and
highly dependent on several specific features of the studied area,
such as climate, hydrogeological properties, and existing agricul-
tural management practices. An improved understanding of these
processes from studies such as ours can allow for better manage-
ment decisions tailored to the individual needs of these watershed
systems.
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• Salinization in Lerma Basin was controlled by the dissolution of soluble salts.
• Water salinization and nitrate pollution were found to be independent processes.
• High NO3, fresh groundwater evolved to lower NO3, higher salinity surface water.
• Inverse and direct geochemical modeling confirmed the hypotheses.
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Geochemical modelingSalinization of water bodies represents a significant risk in water systems. The salinization of waters in a small
irrigated hydrological basin is studied herein through an integrated hydrogeochemical study includingmultivar-
iate statistical analyses and geochemicalmodeling. The study zonehas twowell differentiated geologicmaterials:
(i) Quaternary sediments of low salinity and high permeability and (ii) Tertiary sediments of high salinity and
very low permeability. In this work, soil samples were collected and leaching experiments conducted on them
in the laboratory. In addition, water samples were collected from precipitation, irrigation, groundwater, spring
and surface waters. The waters show an increase in salinity from precipitation and irrigation water to ground-
and, finally, surface water. The enrichment in salinity is related to the dissolution of soluble mineral present
mainly in the Tertiary materials. Cation exchange, precipitation of calcite and, probably, incongruent dissolution
of dolomite, have been inferred from the hydrochemical data set. Multivariate statistical analysis provided infor-
mation about the structure of the data, differentiating the group of surfacewaters from the groundwaters and the
salinization from the nitrate pollution processes. The available information was included in geochemical models
inwhich hypothesis of consistency and thermodynamic feasibilitywere checked. The assessment of the collected
information pointed to a natural control on salinization processes in the Lerma Basin with minimal influence of
anthropogenic factors.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Salinization of water bodies represents a significant risk in water
systems regarding suitability for irrigation (Tanji, 1990), other human
uses (Peck and Hatton, 2003) or ecosystem health (Nielsen et al.,
2003). There are many processes which can cause water salinization.
For instance, the main sources of groundwater salinization in the US
are natural saline groundwater, sea-water intrusion, halite dissolution,
oil- and gas-field activities, saline seep, road salting and agricultural
techniques (Richter and Kreitler, 1991).ail.com (D. Merchán).
79Groundwater salinization by agricultural practices has been widely
reported all around the world (e.g., Koh et al., 2007; Stigter et al.,
2006; Yuce et al., 2006). Specifically, irrigated agriculture represents
an enhanced pressure on the hydrological system receiving irrigation
return flows, with in general higher salinization rates under irrigated
areas in comparison with rainfed areas (Johansson et al., 2009). Some
examples of the reported processes that increase water salinity include
the recirculation of irrigationwater (Stigter et al., 2006), the application
of agrochemicals (Kume et al., 2007), or the enhanced weathering of
existing materials in the area (Kim et al., 2005; Koh et al., 2007). In
some cases, natural salinization processes of water bodies are enhanced
by irrigated agriculture, either by the transport of solutes in the water
(Johansson et al., 2009) or by the depletion of aquifers and consequent
concentration of salts (Chaudhuri et al., 2014). Irrigated agriculturemay
331D. Merchán et al. / Science of the Total Environment 502 (2015) 330–343
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          Salinization and Nitrate Pollution from Irrigation Return Flowsinduce salinization not only in groundwater, but also in surface waters
(e.g., Duncan et al., 2008; Isidoro et al., 2006). In any case, the interac-
tion between ground and surface waters adds complexity to the behav-
ior of these hydrological systems. However, salinization in irrigated
areas may be related to natural ongoing processes which may be, to a
certain degree, enhanced by the addition of irrigation water (Carreira
et al., 2014; Chaudhuri and Ale, 2014; Isidoro et al., 2006; Tedeschi
et al., 2001) or a direct consequence of the irrigation itself (Stigter
et al., 2006), since the dominating salinization processes are very site-
specific (Duncan et al., 2008). For instance, irrigation water enhances
salinization processes in areas with available salts in the geological
substrate, which are mobilized by the extra available water. In other
cases, the continuous use of groundwater for irrigation may cause
salinization due to the evapotranspiration that the groundwater body
is suffering in successive pumping–irrigation–recharge cycles.
Thus, a deep knowledge of the local hydrogeological conditions and
processes controlling salinization is required to understand the feasible
actions to take in order to mitigate impacts on water resource systems.
In linewith this idea, two of themost useful tools to increase the knowl-
edge of complex systems with several variables are multivariate statis-
tical analyses (Hair et al., 1999) and geochemical modeling
(e.g., Edmunds, 2009; Zhu and Anderson, 2002). Applications reported
in the literature include the use of multivariate analysis to understand
the main factor explaining the chemical evolution of waters in regional
alluvial aquifers (Acero et al., 2013; Lorite-Herrera et al., 2008). For
geochemical modeling, some examples of application are the use of
inverse modeling approaches to elucidate the net geochemical reac-
tions occurring in a water flow line from irrigation water to drainage
water (Causapé et al., 2004a; García-Garizábal et al., 2014) or the use
of direct modeling approaches to reproduce observed patterns in
groundwater and to develop simulations in which different hypotheses
can be tested (Kim et al., 2005; Stigter et al., 2006). However, both ap-
proaches are seldom applied to the same study area, which could im-
prove the knowledge on the processes controlling the hydrological
system.Fig. 1. Location, simplified geology, main hydrological and irrig
80In this context, the objective of the present study is to identify the
main geochemical processes related to the salinization of waters in a
headwater agricultural basin through the use of both multivariate
statistical analysis and geochemical modeling. Specifically, the main
aim is to elucidate if the processes controlling salinization of Lerma
Basin waters (Merchán et al., 2013, 2014) are related to natural or to
anthropogenic factors.
2. Study site description
The Lerma Basin is a small hydrological basin (7.38 km2, Fig. 1), with
48%of its surface area under irrigation. It is located inside themunicipal-
ity of Ejea de los Caballeros (Zaragoza, Spain) and is representative, re-
garding geology, hydrology and agronomy, of a wide range of land–
water connected environments in the region (Causapé et al., 2004b).
According to the Spanish National Agency of Meteorology (AEMET,
2014), the climate in the area is Continental to Mediterranean, charac-
terized by extreme temperatures and irregular and scarce precipita-
tions. Temperatures may vary from below zero during winter to as
high as 40 °C during summer, with an average temperature of 14 °C.
Average annual precipitation during the hydrological years 2004–2011
was around 402 mm and concentrated in spring and autumn
(Merchán et al., 2013). Summer and winter are generally dry, only
wetted by occasional storms.
The geology in the Lerma Basin is represented by Tertiary and
Quaternary materials (Fig. 1). The Tertiarymaterials appear as a bottom
layer (66% of its surface) several hundreds of meters thick, composed of
alternating gypsum, clay and silt materials of brown and gray colors,
with occasional intercalations of fine limestone layers associated with
gypsum (Causapé et al, 2004a; ITGE, 1988). This unit is locally covered
by a Quaternary glacis (34% of the surface) up to 10m thick, dominated
by detrital sediments composed of gravelswith some Tertiary limestone
clasts, alternating with sands, silts and clays (ITGE, 1988). Tertiary ma-
terials are exposed due to the erosive effect of a network of gullies de-
veloped over the glacis.ation features, and sampling locations of the Lerma Basin.
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Chapter VI: HydrogeochemistrySoils developed on Quaternary glacis (Calcixerollic Xerochrepts, Soil
Survey Staff, 2014) display stony loamy textures, 60–90 cm of effective
depth, low salinity and small risk of erosion (slope b 3%). On the other
hand, soils developed on Tertiary materials (Typic Xerofluvent, Soil
Survey Staff, 2014) have 30–45 cm of effective depth, high salinity and
significant risk of erosion (slope N 10%). These characteristics identified
Quaternary soils as suitable for conversion to irrigated land (Beltrán,
1986) and, in consequence, the irrigated area coversmainly the Quater-
nary surface (Fig. 1).
Regarding the hydrological behavior, Quaternary materials have
medium to high permeability (hydraulic conductivity between 1 and
10m day−1), constituting free intergranular perched aquifers, whereas
Tertiary materials have low permeability. Precipitation and irrigation
water infiltrate through Quaternary materials down to the contact
with the Tertiary unit, where they flow horizontally over it. Groundwa-
ter seeps to the surface through the contact between Quaternary and
Tertiary and it feeds a network of gullies. Before irrigation started,
these streams flowed mainly during spring and autumn, i.e., the more
rainy seasons (Abrahão et al., 2011a) while, after the implementation
of irrigation, the Lerma Gully has become a perennial stream.
The Lerma Basin receives water from the Aragón River Basin, via the
Bardenas Irrigation Canal, during spring and summer (Fig. 2). Crops
cultivated are typical of the Middle Ebro Valley: maize, winter cereal
and vegetables. Associated with irrigated agriculture is the application
of synthetic fertilizers, mainly through liquid and compound (NPK)
fertilizers. It is important to mention the increase in Mg2+ in fertilizer
applications experienced in recent years in the area, as a consequence
of the decrease in this nutrient observed in soils (local fertilization advi-
sors, pers. com.).3. Methods
3.1. Sampling and chemical analysis of the Lerma Basin waters
Samples of the Lerma Basin waters were collected for chemical
analysis in 2011, February the 10th (I) and July the 27th (II), and in
2012, January the 10th (III) and July the 31st (IV) (Fig. 2, Table 2),
representing two non-irrigated and two irrigated seasons, along with
two low water and two high water seasons, respectively. High waters
in the gullies and the Quaternary aquifer took place in the late summer,
at the end of the irrigated season. The sampling dates were selected to
avoid taking samples in the week after any rainfall event. Sixty-three
water samples were collected from the Lerma Basin throughout the0
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Fig. 2. Precipitation and irrigation in the Lerma Basin during the hydrologica
81study period: groundwaters (GW, 31 samples), spring waters (SpW,
8) and surface waters (SW, 24). These monitoring points were selected
after some preliminary analyses were carried out in a broader monitor-
ing scheme. The piezometers were drilled in 2008 in the Quaternary
materials to a depth between 6 and 8 m to reach the Tertiary materials
and penetrate them around 50 cm further. The Tertiary materials were
always dry 20 cm below the contact with the Quaternary materials,
which is a proof of their low permeability, since the Quaternary mate-
rials just above were saturated. The screened interval covered the
whole piezometer.
Groundwater samples were collected using a high density polyeth-
ylene bailer, whereas spring or surface water samples were collected
manually. In some of the piezometers and sampling campaigns, it was
not possible to obtain enough water for analysis since the saturated
thickness was lower than the bailer length.
Additionally, all available data of precipitation (P, 11 samples) and
irrigation (I, 6 samples) waters, corresponding to samples collected
between 2007 and 2012 (Table 2), were included in this study.
Field parameters (electrical conductivity corrected to 25 °C [EC],
temperature [T], pH and alkalinity) were measured in situ just after
sample collection, with previously calibrated instruments. EC-meter
CRISON CM35, and pH-meter CRISON T25 were used for EC, T and pH.
Alkalinitywasmeasuredusing aHACH alkalinity test kit andwas similar
to that obtained in the laboratory analyses. The filtered samples
(0.45 μm) were analyzed within a month of collection. The dissolved
ionic concentrations (Na+, K+, Ca2+, Mg2+, CO32−, HCO3−, SO42−, Cl−,
NO3−) were analyzed by standard analytical methods at the Geological
Survey of Spain (IGME) laboratories. Cations were determined by
inductively coupled plasma-atomic emission spectrometry (ICP-AES),
and anions were analyzed by high performance liquid chromatography
(HPLC) technique. The charge balance was cross-checked as follows:
Charge balance %ð Þ ¼ 200
X
meq cation−
X
meq anion
X
meq cationþ
X
meq anion
:
(Weight, 2008)
Absolute charge balances averaged 2.5% (maximum 6.6%) in precip-
itation and irrigation waters and 4.4% (maximum 5.8%) in ground,
spring and surface waters.
The interpretation of the water quality data was based on the use of
indicators of water quality for irrigation purposes (sodium adsorption
ratio and Kelly's ratio, related to irrigation water salinity) along with
the hydrochemical interpretations (e.g., Piper diagram, ionic ratios).Oct11 Dec11 Feb12 Apr12 Jun12 Aug12
th Year
III IV
l years 2010–2012. Sampling campaigns are indicated by black arrows.
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the samples originate from the same distribution, was used to detect
significant differences between groundwater, spring and surface water
samples. The statistical package used was Statgraphics Centurion XVI
(StatPoint Technologies, 2009).
3.2. Soil leaching experiments
In order to investigate the chemical components that the soils can
supply to the waters, a soil sampling campaign was performed in
2013 January 28th. Eight soil samples (stars in Fig. 1) were collected
from Tertiary and Quaternary materials in unirrigated and irrigated
soils (with two samples in each combination, i.e., Tertiary unirrigated
[1 and 2], Tertiary irrigated [3 and 4], Quaternary unirrigated [5 and 6]
and Quaternary irrigated soils [7 and 8]), covering all the representative
soils and characteristics in the study zone. The samples were collected
from the topsoil (up to 25 cmdepth). Theywere treated in the following
way: after removing the fraction N2mm, 100 g of dry samplewasmixed
with 250 ml of distilled water during 24 h. After this time, the water
fraction was extracted, filtered (0.45 μm) and analyzed following the
procedure described in the section above. In the preliminary stage,
different mixing proportions (250 ml or 500 ml) and mixing times
(24, 48 and 96 h) were tested to ensure a complete dilution of the
soluble fraction. Results of these preliminary tests were compared
through Sign and Signed-Rank Matched Tests (Helsel and Hirsch,
2002) and no significant differences were found what suggests that
any of the used amounts of water and experimented contact times
were enough to dissolve all the soluble fraction of the materials.
Additionally, mineralogical determinations were performed in the
eight soil samples by X-ray diffraction. After removing the fraction
N2 mm, around 5 g of dry sample was ground in an agate mortar and
pestle and then sieved through 63 μm. X-ray diffraction was performed
with XPERT PRO MPD equipment (PANanalytical), and the data were
processed using the software HighScore 3.0.4 (PAN analytical). Samples
were prepared in the Geochemistry Laboratory of the Earth Sciences
Department at the University of Zaragoza, and the X-ray diffraction
determinations were performed in the Geological Survey of Spain
Laboratories.
3.3. Multivariate statistical analyses
Two multivariate statistical procedures were used to obtain a better
understanding of the variety in the data set and the processes involved.
The statistical package used was Statgraphics Centurion XVI (StatPoint
Technologies, 2009) and the analyses included Principal Components
and Hierarchical Cluster. Both were performed on the standardized
(Z-scores) hydrochemical data of the 80 water samples from the
Lerma Basin (precipitation, irrigation, groundwater, spring and surface
waters). The variables included in these analyses were Na+, K+, Ca2+,
Mg2+; HCO3−, SO42−, Cl−, NO3−and pH. EC was not included for being a
proxy of salinity, represented by the specific cations and anions. The dis-
solved concentration of CO32−was excluded from multivariate analysis
since itwas belowdetection limit inmost of the samples. For those com-
ponents occasionally below detection limit, 1/2 of the detection limit
value was used.
Principal component analysis (PCA) was performed to infer the
controlling variables (components) of the water chemistry. PCA has
been widely applied to understand hydrological data (e.g., Morán-
Tejeda et al., 2011) and, particularly, hydrogeochemical data: in surface
waters (e.g., Cameron, 1996; Evans et al., 1996), groundwater
(e.g., Adams et al., 2001; Koh et al., 2007) or both (Lorite-Herrera
et al., 2008). PCA summarizes the data set in theminimum components
that explain most of the variance. The Varimax method (Davis, 1986)
was applied to maximize the variance explained by each component.
Each of the new components is a lineal combination of pre-existing
standardized variables with different loadings depending on the82influence of the variable in that component. For component loadings,
an approach similar to that of Evans et al. (1996) or Koh et al. (2007)
was selected. A high loading was defined as higher than 0.75, and a
moderate loading was defined as between 0.40 and 0.75. Loading of
less than 0.40 was considered negligible.
The hierarchical cluster analysis (HCA), commonly applied in hydro-
logical data (e.g., Abrahão et al., 2011b; Causapé et al., 2004a; Menció
et al., 2012), was performed here to generate groups of similar samples.
Several similarity measurement and linkage methods were tested and
the groups obtained were fairly similar. The square Euclidean distance
and the Ward method were used to obtain hierarchical associations,
since theymaximize the homogeneity inside the clusters andmaximize
heterogeneity between clusters (Hair et al., 1999).
3.4. Geochemical modeling
The USGS software PHREEQC (Parkhurst and Appelo, 1999) with its
database phreeqc.dat was used for the geochemical modeling as it has
been widely applied in all kind of hydrogeochemical problems
(e.g., Carol et al., 2009; Edmunds, 2009; Han et al., 2011; van Asten
et al., 2003; Zhu and Anderson, 2002). First, speciation-solubility calcu-
lations were performed to obtain the saturation indexes (SI) of the
different water samples with respect to the mineral phases of interest,
particularly, calcite, dolomite, gypsum and halite. Additionally,
CO2(g) partial pressures were also computed based on the alkalinity
and pH of the samples (e.g., Kehew, 2001; Appelo and Postma, 2005).
Second, an inverse modeling approach, mass balance, was applied
between selected water samples considered representative of the
variety observed in the data set. Based on the variations in the water
chemistry and the observedmineralogy, this approach allowed estimat-
ing the net geochemical reactions between samples assumed to be
connected by a flow line. Finally, a forward modeling approach was
applied using feasible chemical reactions to reproduce the evolution of
the system. All the information provided by these geochemical model-
ing exercises was used to discard or confirm the hypotheses of the
different processes inferred throughout the study.
4. Results and discussion
4.1. Soil leaching experiments
Tertiary marly soils (sample 1-T-U) provided the greatest dissolved
Na+ and Cl− concentrations, 100 and 112 mmol L−1, respectively
(Table 1, Fig. 3). Soils over marls with nodular and tabular gypsum
(sample 2-T-U) showed the highest dissolved SO42−, Ca2+ and Mg2+
concentrations, 9.6, 4.9 and 8.9 mmol L−1, respectively. The presence
of soluble minerals such as halite (NaCl) and gypsum or epsomite
(CaSO4·2H2O, MgSO4·7H2O) may explain these results. The samples
of Tertiary age thatwere irrigated (3-T-I and4-T-I) had values compara-
ble with those of the Quaternary soil samples, probably as a conse-
quence of the different amendments performed by farmers in these
irrigated soils (addition of loamy textured soil, plowing, successive
wash out of soluble fraction by irrigation water, etc.). Finally, samples
from the soils over the Quaternary glacis (5-Q-U, 6-Q-U, 7-Q-I and
8-Q-I) showed the lowest concentrations for the different analyzed
ions, with averages of 1.4 mmol L−1 for Cl−, 0.5 mmol L−1 for SO42−,
0.4 mmol L−1 for Na+, 2.0 mmol L−1 for Ca2+ and 0.6 mmol L−1 for
Mg2+ (Fig. 3). Thus, the salinity of the waters appears to be mainly
controlled by the interaction between the recharge waters (precipita-
tion and irrigation) and the Tertiary substrate.
The X-ray results (Table 1) indicated the predominance of calcite,
quartz and clay minerals (mainly illite and chlorite) in all the samples.
In fact, these minerals were the only ones detected in the samples
from the Quaternary glacis (with the exception of traces of feldspar in
some of them). Dolomite, ankerite and gypsum were also identified in
the samples taken in the soils over the Tertiary marls and clays
Table 1
Selected soil samples results. Sample: A-B-C where A is the sample ID (1-8), B is a letter presenting the age (T for Tertiary and Q for Quaternary) and C is a letter presenting the land use (I
for irrigated and U for unirrigated).
Sample Description Stones
(wt.% N2 mm)
Water attacks (mmol L−1) X-ray diffractionsa
Cl− SO42− Na+ Ca2+ Mg2+
1-T-U Marls 0 100.4 3.2 112.3 0.5 1.0 Cal, Qtz, C.M., Dol, Fsp (t)
2-T-U Marls gyps. 1 50.4 9.6 47.0 4.9 8.9 Cal, Qtz, C.M., Dol/Ank, Gp, Fsp (t)
3-T-I Marls 2 0.6 1.0 2.1 1.4 0.5 Cal, Qtz, C.M., Dol/Ank, Fsp (t)
4-T-I Marls 5 0.7 0.4 1.4 1.3 0.6 Cal, Qtz, C.M., Dol/Ank, Fsp (t)
5-Q-U Glacis 32 0.1 0.1 0.2 1.3 0.5 Cal, Qtz, C.M., Fsp (t)
6-Q-U Glacis 33 5.0 0.8 0.6 3.3 0.7 Cal, Qtz, C.M.
7-Q-I Glacis 34 0.3 0.6 0.4 1.5 0.5 Cal, Qtz, C.M., Fsp (t)
8-Q-I Glacis 45 0.3 0.6 0.5 1.7 0.4 Cal, Qtz, C.M., Fsp (t)
wt.%: percentage in weight.
a Cal: calcite; Qtz: quartz; C.M.: clay minerals (illite + chlorite); Dol: dolomite; Fsp: feldspar (t: trace, low intensities); Ank: ankerite; Gp: gypsum.
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Chapter VI: Hydrogeochemistry(Table 1). Despite the useful qualitative information obtained from the
X-ray diffraction technique, it was unable to detect soluble mineral
phases that could explain Cl− and Na+, contents in the waters. Howev-
er, after a detailed revision of the difractograms, the presence of halite
could not be discarded since its signal in diffractograms would overlap
with that of other minerals detected. However, epsomite was not
detected even after the detailed revision of the diffractograms.
Taking the concentrations obtained in sample 1-T-U, the maximum ob-
tained in the soil samples, a fraction of halite of maximum 6% can be es-
timated from total Na+ and Cl− leached and mass of soil used.
Consequently, depending on the specific combination of minerals in
the sample, it might remain undetected by X-ray diffraction. Similar as-
sumptions can be done with other soluble minerals. In addition, the
presence of halite and other soluble minerals is supported by the fact
that the Tertiary materials were deposited in a saline lake environment
(ITGE, 1988), where the presence of evaporitic minerals is common.
4.2. Hydrogeochemical characterization
Precipitation and irrigation water are the main input waters in the
Lerma Basin (Table 2). They have a very low salinity, with typical EC
values under 0.05 mS cm−1 for precipitation water and under
0.4 mS cm−1 for irrigation water. According to their positions in a
Piper diagram (Fig. 4), precipitation and irrigation waters are mainly
of Ca2+-HCO3− type. Both, their low salinity and their water type,
indicate a high quality for irrigation purposes, as indicated by several
water quality indicators commonly used for irrigation waters. For
instance, Sodium Adsorption Rate (SAR) values ranged from 0.04 to
0.55, with an average of 0.23, which indicates a very low sodiumhazard
in thesewaters (e.g., Fetter, 2001). Kelly's Ratio (KR) values ranged from0
20
40
60
80
100
120
1-T-U 2-T-U 3-T-I 4-T
Co
nc
en
tr
at
io
n 
(m
m
ol
 L
-1
)
Sample (ID - Age [T/Q] -
Fig. 3.Concentration ofmajor ions after 24h of contact andmixing between soil samples (100g)
a letter presenting the age of the materials (T for Tertiary and Q for Quaternary) and C is a lett
830.07 to 0.58, with an average of 0.19, indicating the good quality of the
water for irrigation (Kelly, 1963).
A clear evolution from low salinity Ca2+-HCO3− type in the input
water to Na+-mixed-to-Cl−water type (Fig. 4) with increasing salin-
ity can be observed using the 63 water samples collected in the
Lerma Basin (Table 3). Samples with low salinity (an upper stream
gully and some piezometers during the irrigation season) belong to
the water types closer to precipitation and irrigation waters. There
were significant differences (Kruskal–Wallis Test, p b 0.05) between
the salinity of the groundwaters (average 1.75 mS cm−1) and the
salinity of the surface waters (average 2.63 mS cm−1) while spring
waters had intermediate salinity values. Thus, the quality of water
for irrigation purposes decreases between recharge waters and
water in the outlet of the basin, presenting slight restriction for
irrigation purposes (EC N 0.7 mS cm−1, Ayers and Westcost, 1992).
In fact, some surface waters and the groundwater point GW12 in
2012 presented severe restriction for irrigation purposes
(EC N 3 mS cm−1). This decrease in quality is also indicated by the
SAR values from 0.45 to 10.77, with a medium value of 5.76 (low to
medium sodium hazards, e.g., Fetter, 2001) and KR values from
0.15 to 2.47, with an average value of 1.34 (waters with values
higher than one are considered unsuitable for irrigation purposes,
Kelly, 1963).
Additionally, significant differences (Kruskal–Wallis Test,
p b 0.05) were observed in the physicochemical parameters and
the major ions median content between ground and surface waters
(Table 3). Significantly higher values in pH, Cl−, SO42−, Na+, Ca2+,
and Mg2+, and lower values in NO3− were observed in surface waters
compared with groundwater. Spring waters showed values generally
closer to those of groundwater except in the case of pH that they are-I 5-Q-U 6-Q-U 7-Q-I 8-Q-I
Irrigated/Unirrigated)
Cl SO4 Na Ca Mg
and distilledwater (250 g). Sample codification:A-B-CwhereA is the sample ID (1–8), B is
er presenting the land use (I for irrigated and U for unirrigated).
Table 2
Precipitation and irrigation hydrochemical data available from the Lerma Basin.
Sample Date EC
mS cm−1
pH Ca2+ Mg2+ Na+ K+ CO32− HCO3− SO42− Cl− NO3− C.B.
%
mmol L−1
P 16/11/2009 0.053 7.08 0.10 0.25 0.20 0.05 b.d.l. 0.38 0.06 0.14 0.00 4.0
P 15/12/2009 0.041 6.32 0.10 0.25 0.07 0.03 b.d.l. 0.29 0.05 0.06 0.03 2.3
P 19/01/2010 0.015 5.38 0.05 0.08 0.04 0.01 b.d.l. 0.11 0.03 0.03 0.01 −2.8
P 15/03/2010 0.048 5.58 0.45 0.08 0.04 0.00 b.d.l. 0.41 0.04 0.03 0.08 3.2
P 13/05/2010 0.045 5.43 0.40 0.08 0.06 0.01 b.d.l. 0.29 0.10 0.04 0.10 3.3
P 21/11/2011 0.008 5.03 0.10 b.d.l. 0.01 b.d.l. b.d.l. 0.07 0.03 0.01 0.01 −6.6
P 17/11/2011 0.007 4.86 0.10 b.d.l. 0.02 b.d.l. b.d.l. 0.07 0.03 0.02 0.01 −1.5
P 03/05/2012 0.029 6.56 0.10 0.16 0.03 b.d.l. b.d.l. 0.21 0.03 0.02 0.03 −0.3
P 23/05/2012 0.032 5.15 0.05 0.25 0.10 0.01 b.d.l. 0.20 0.05 0.13 0.02 1.9
P 22/10/2012 0.027 7.50 0.10 0.16 0.02 b.d.l. b.d.l. 0.25 0.01 0.01 0.00 5.3
P 08/11/2012 0.015 6.39 0.05 0.08 0.01 b.d.l. b.d.l. 0.11 0.01 0.01 0.01 3.1
Average 0.039 5.71 0.15 0.13 0.05 0.01 – 0.22 0.04 0.05 0.03
SD 0.017 0.76 0.14 0.09 0.06 0.02 – 0.12 0.02 0.05 0.03
I 22/10/2007 0.360 n.a. 2.40 0.72 0.63 0.03 b.d.l. 2.56 0.55 0.66 n.a. 0.1
I 12/11/2007 0.380 n.a. 2.48 0.72 0.64 0.03 b.d.l. 2.64 0.48 0.78 n.a. −0.9
I 24/07/2008 0.330 n.a. 2.87 0.48 0.27 0.02 b.d.l. 3.05 0.29 0.30 n.a. 0.0
I 17/09/2008 0.280 n.a. 2.40 0.64 0.30 0.03 b.d.l. 2.62 0.34 0.40 n.a. 0.1
I 27/07/2011 0.318 8.10 1.95 0.74 0.64 0.03 0.08 2.38 0.35 0.44 0.02 3.0
I 31/07/2012 0.318 8.10 2.30 0.16 0.43 0.01 b.d.l. 2.38 0.29 0.32 0.02 −3.5
Average 0.334 2.40 0.58 0.49 0.02 – 2.60 0.38 0.48 –
SD 0.039 0.30 0.22 0.18 0.01 – 0.25 0.11 0.19 –
SD: standard deviation. n.a.: not available. b.d.l.: below detection limit. C.B.: charge balance.
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detected for HCO3− and K+ values.
4.3. Ionic ratios
Ionic ratios in hydrochemical data have been useful in providing an
insight into the hydrogeochemical processes controlling the changes
in water quality. The molar ratio Na+/Cl− ranged from 0.75 to 4.91
(Fig. 5A), with low values for precipitation and irrigation waters
(0.75–1.62) and also for surface waters (1.07–1.76), slightly higherFig. 4. Piper diagram showing the situ
84values for springs (1.36–2.31) and the highest values in some ground-
waters (0.90–4.91). A trend towards values close to 1.00 was observed
with increasing salinity, which can be attributed to halite dissolution
although in the samples with the lowest salinity an additional source
of sodium is required. Ionic exchange could provide sodium to these
low salinity samples (e.g., Lorite-Herrera et al., 2008), especially consid-
ering that irrigation water with low salinity and significant Ca2+
concentrations is added to soils, which favors the ionic exchange in
this direction (Na+ enters the solution, Ca2+ leaves the water solution,
Appelo and Postma, 2005).ation of the Lerma Basin waters.
Table 3
Surface (gullies, G), spring (S) and groundwater (wells, W) hydrochemical data available from the Lerma Basin.
Date EC
mS cm−1
pH T
°C
Ca2+ Mg2+ Na+ K+ CO32− HCO3− SO42− Cl− NO3− C.B.
%
mmol L−1
GW1-I 10-02-2011 1.43 7.9 10.1 2.59 2.88 10.20 0.21 b.d.l. 5.74 3.21 3.62 2.45 5.6
GW3-I 10-02-2011 1.48 7.8 10.8 3.04 3.37 14.42 0.08 b.d.l. 5.90 3.90 8.06 2.13 4.5
GW4-I 10-02-2011 1.39 8.0 13.0 1.95 2.30 10.48 0.09 b.d.l. 4.36 3.09 3.79 2.82 5.3
GW5-I 10-02-2011 1.67 7.8 13.4 3.39 3.87 11.49 0.15 b.d.l. 5.90 2.43 5.53 4.08 5.0
GW10-I 10-02-2011 1.63 7.8 11.6 2.79 5.76 10.48 0.21 b.d.l. 6.29 3.77 5.85 2.32 5.4
GW11-I 10-02-2011 1.52 7.6 13.4 4.04 7.49 5.53 0.17 b.d.l. 6.23 3.63 5.94 1.85 −2.4
GW12-I 10-02-2011 2.53 7.7 11.9 3.49 6.34 17.99 0.09 b.d.l. 6.39 7.62 10.92 1.54 5.3
SW1-I 10-02-2011 2.49 8.4 6.5 5.14 5.92 17.25 0.19 b.d.l. 6.88 8.41 10.70 1.20 4.7
SW2-I 10-02-2011 4.25 8.4 6.1 9.58 12.51 23.74 0.15 b.d.l. 6.72 15.29 21.52 1.18 2.8
SW3-I 10-02-2011 3.14 8.4 6.1 5.84 9.13 19.45 0.14 b.d.l. 7.05 10.30 14.10 1.23 5.6
SW4-I 10-02-2011 3.17 8.5 6.2 5.64 9.13 19.78 0.15 b.d.l. 7.18 10.31 14.19 1.22 5.3
SW5-I 10-02-2011 0.46 8.5 5.7 2.50 0.99 1.39 0.04 b.d.l. 3.02 0.72 0.93 0.03 4.8
SW6-I 10-02-2011 2.66 8.5 5.2 6.39 7.74 15.92 0.14 b.d.l. 6.72 10.88 10.85 0.13 5.4
GW1-II 27-07-2011 1.32 7.6 19.0 3.19 2.63 11.90 0.18 0.12 7.93 2.99 3.81 2.19 5.0
GW4-II 27-07-2011 1.31 7.6 16.8 2.45 2.63 10.14 0.11 0.16 5.70 2.59 3.56 2.66 4.3
GW5-II 27-07-2011 0.49 7.4 16.9 3.44 0.74 0.65 0.10 0.16 3.18 0.43 0.50 0.56 −0.4
GW6-II 27-07-2011 1.40 7.9 21.6 3.44 4.85 9.16 0.06 0.04 8.06 4.06 3.30 1.15 5.3
GW10-II 27-07-2011 1.64 7.5 17.6 2.99 6.09 10.44 0.22 0.20 7.31 3.38 5.73 2.27 4.4
GW11-II 27-07-2011 1.15 7.4 16.4 3.24 5.27 4.33 0.14 0.16 7.08 3.09 0.88 1.28 3.9
GW12-II 27-07-2011 2.79 7.5 17.7 4.24 6.91 18.26 0.10 0.08 5.11 7.38 14.17 1.61 4.0
SpW1-II 27-07-2011 1.81 7.5 21.1 2.94 4.11 13.36 0.13 0.12 8.29 3.26 5.77 2.10 5.0
SpW2-II 27-07-2011 1.78 8.2 18.9 3.19 5.60 12.12 0.20 0.08 6.56 4.29 6.33 2.73 5.5
SpW3-II 27-07-2011 2.63 8.2 21.4 5.14 5.18 18.53 0.07 b.d.l. 7.08 4.97 11.34 3.90 5.8
SW1-II 27-07-2011 2.60 8.2 18.8 4.64 6.50 17.30 0.17 b.d.l. 6.88 7.94 11.15 1.25 5.0
SW2-II 27-07-2011 4.28 8.2 16.5 7.69 10.86 32.78 0.14 b.d.l. 9.67 16.54 21.56 0.92 5.5
SW3-II 27-07-2011 3.30 8.3 17.4 6.14 8.89 20.74 0.16 b.d.l. 6.69 11.44 15.62 1.12 3.0
SW4-II 27-07-2011 3.32 8.2 16.5 5.99 9.13 20.16 0.16 b.d.l. 6.88 11.37 15.72 1.12 1.0
SW5-II 27-07-2011 0.36 8.3 22.6 2.30 0.82 0.78 0.03 0.08 2.72 0.42 0.57 0.01 3.2
SW6-II 27-07-2011 1.83 8.2 20.7 5.74 5.02 10.70 0.17 b.d.l. 7.08 7.15 6.10 0.09 5.7
GW1-III 10-01-2012 1.60 7.9 10.5 2.74 1.81 10.15 0.21 b.d.l. 3.82 3.30 4.04 2.95 5.6
GW3-III 10-01-2012 2.11 7.7 10.8 3.29 2.96 13.96 0.12 b.d.l. 4.51 3.90 9.08 1.77 5.4
GW4-III 10-01-2012 1.45 7.8 14.0 2.50 1.81 8.57 0.08 b.d.l. 3.05 2.64 3.79 2.76 5.7
GW5-III 10-01-2012 1.49 7.7 13.8 3.44 2.80 8.28 0.11 b.d.l. 3.82 2.43 3.84 3.74 5.6
GW6-III 10-01-2012 2.86 7.9 9.0 3.94 8.72 16.39 0.10 b.d.l. 6.29 8.06 11.41 1.90 5.2
GW10-III 10-01-2012 2.22 7.8 12.4 2.64 5.84 14.87 0.16 b.d.l. 4.74 4.68 10.72 2.18 5.2
GW11-III 10-01-2012 2.27 7.6 13.7 3.69 5.76 12.64 0.13 b.d.l. 5.08 5.69 8.29 1.97 5.5
GW12-III 10-01-2012 3.03 8.0 13.4 3.94 7.24 18.82 0.09 b.d.l. 3.46 8.32 14.73 2.00 5.4
SpW2-III 10-01-2012 2.04 8.4 9.5 3.19 5.02 11.48 0.17 b.d.l. 4.62 5.20 7.21 2.06 5.8
SpW3-III 10-01-2012 2.84 8.4 6.8 4.94 4.61 17.54 0.07 b.d.l. 4.31 6.19 11.51 3.74 5.3
SW1-III 10-01-2012 2.96 8.2 3.8 4.04 5.60 15.45 0.11 b.d.l. 4.75 7.82 9.92 1.36 5.5
SW2-III 10-01-2012 3.33 8.3 2.9 5.54 7.90 17.40 0.09 b.d.l. 4.03 10.46 13.99 0.87 5.2
SW3-III 10-01-2012 2.95 8.3 2.8 4.79 6.25 16.56 0.10 b.d.l. 4.54 8.87 11.63 1.17 5.6
SW4-III 10-01-2012 2.97 8.3 2.2 4.74 6.50 16.72 0.10 b.d.l. 4.39 9.06 11.93 1.15 5.6
SW5-III 10-01-2012 0.40 8.4 3.7 2.10 0.41 0.72 0.03 b.d.l. 2.03 0.50 0.58 0.02 4.0
SW6-III 10-01-2012 2.08 8.3 2.5 4.99 4.20 9.81 0.10 b.d.l. 3.39 8.01 6.65 0.05 5.3
GW1-IV 31-07-2012 1.70 7.5 18.6 3.49 2.47 10.89 0.21 b.d.l. 6.42 3.07 4.40 2.98 0.3
GW2-IV 31-07-2012 1.17 7.8 19.6 2.45 2.22 7.43 0.13 b.d.l. 5.57 2.24 2.40 1.63 3.2
GW3-IV 31-07-2012 1.35 7.5 18.9 4.39 1.97 1.38 0.03 b.d.l. 6.36 0.55 0.65 0.28 −0.8
GW4-IV 31-07-2012 0.90 7.6 18.7 3.04 3.21 2.32 0.08 b.d.l. 4.10 1.64 1.67 1.36 −1.2
GW5-IV 31-07-2012 0.49 7.9 18.5 2.55 0.74 0.74 0.07 b.d.l. 2.67 0.52 0.58 0.45 −3.8
GW6-IV 31-07-2012 1.64 7.5 20.0 5.84 6.42 4.92 0.09 b.d.l. 5.77 3.10 5.44 2.65 1.6
GW10-IV 31-07-2012 2.42 7.6 18.1 2.94 5.60 18.05 0.18 b.d.l. 5.47 5.00 12.87 2.01 5.4
GW11-IV 31-07-2012 2.42 7.5 17.3 3.29 6.67 15.08 0.12 b.d.l. 5.01 5.20 12.07 1.54 5.5
GW12-IV 31-07-2012 3.25 7.8 23.5 4.59 8.56 20.67 0.11 b.d.l. 4.02 10.99 17.80 1.44 0.9
SpW1-IV 31-07-2012 1.80 7.9 27.3 3.64 5.43 9.81 0.21 b.d.l. 5.44 3.69 7.10 1.84 5.5
SpW2-IV 31-07-2012 2.20 8.2 23.1 3.44 6.75 13.35 0.18 b.d.l. 5.38 5.50 9.80 1.91 4.9
SpW3-IV 31-07-2012 2.58 8.0 23.3 5.14 5.35 17.22 0.07 b.d.l. 9.18 4.78 9.15 3.18 5.5
SW1-IV 31-07-2012 2.25 8.2 18.6 4.44 5.27 13.99 0.17 b.d.l. 6.82 4.35 8.31 3.07 5.7
SW2-IV 31-07-2012 4.23 8.2 16.7 9.28 12.01 23.51 0.13 b.d.l. 7.57 16.47 22.00 0.86 -4.3
SW3-IV 31-07-2012 3.31 8.1 17.2 7.09 8.64 19.14 0.16 b.d.l. 7.01 10.30 15.08 1.94 2.0
SW4-IV 31-07-2012 3.36 8.2 17.5 7.29 8.64 19.34 0.15 b.d.l. 7.11 10.40 15.02 1.89 2.8
SW5-IV 31-07-2012 1.03 8.1 22.6 3.84 1.97 4.58 0.06 0.12 5.38 1.44 3.37 0.16 −0.2
SW6-IV 31-07-2012 2.48 7.9 20.0 8.98 7.24 13.01 0.12 b.d.l. 6.52 13.28 7.38 0.54 5.7
b.d.l.: below detection limit. C.B.: charge balance.
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Chapter VI: HydrogeochemistryThe Cl− vs. SO42− plot (Fig. 5B) shows the strong correlation between
both solutes, suggesting an origin from the same source, i.e., high salin-
ity Tertiary materials, as inferred in the soil leaching experiments. The
molar ratio Ca2+/SO42− (Fig. 5C) ranged from 8.0 to 0.4, showing a
clear decrease with salinity. Since average values in precipitation and
irrigation water were around 4.9 either supplementary sulfate sources
apart from gypsum or Ca2+ sinks (or both) are required to85explain such a decrease. A similar pattern was observed for the
ratio (Ca2+ + Mg2+)/SO42− (not shown), which also decreases
with increasing salinity towards a value of 1.0. In fact, the
plot SO42− vs. (Ca2+ + Mg2+) (Fig. 5D) presented a strong
correlation coefficient (R2 = 0.89) with a better fit equation of
(Ca2+ + Mg2+) = 1.14·SO42− + 2.51. This indicates that similar
amounts (in molar ratios) of Ca2+ + Mg2+ and SO42− (slope of
Fig. 5. Ionic ratio evolution with the increase in salinity, indicated by both chloride and sulfate. The gray line represents the geochemical evolution simulated with PHREEQC. Legend: P:
precipitation; I: Irrigation; GW: groundwater; SpW: spring water; SW: surface water. When two lines are presented, they cover a range of partial pressures of CO2 (from 10−2.5 to 10−3)
used in the simulations.
337D. Merchán et al. / Science of the Total Environment 502 (2015) 330–343
Hydrological Assessment of a Newly Implemented Irrigated Area in Spain: 
          Salinization and Nitrate Pollution from Irrigation Return Flows1.14) are being added to the water. The value for zero sulfate (in-
tercept of 2.51) responds to the high Ca2+ low SO42− irrigation or
precipitation water.86Themolar ratio (Ca2++Mg2+)/HCO3− (not shown) ranged from 0.7
to 3.3, and it increased with salinity, which indicates a supplementary
source of Ca2++Mg2+ with respect to HCO3−, probably the dissolution
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Chapter VI: Hydrogeochemistryof non-carbonate minerals rich in Ca2+ and Mg2+ (e.g., gypsum,
epsomite). The enrichment in these components may also be related
to the addition of mineral fertilizers, as Ca2+ and Mg2+ are reported to
suffer significant increases in areas under extensive application of syn-
thetic fertilizers (Moussa et al., 2011; Stigter et al., 2006).
The plot (Ca2+ + Mg2+− SO42− − HCO3−) vs. (Na+ + K+− Cl−)
(not shown) examines the excess of Ca2+ and Mg2+ gained or lost
from gypsum, calcite and dolomite dissolution/precipitation, and the
excess of Na+ and K+ gained or lost from sodium and potassium chlo-
rides dissolution/precipitation, respectively. When dissolution of these
minerals is enough to explain the hydrochemical composition,
the samples plot around the origin. In the Lerma Basin waters,
the samples presented a distribution so that a decrease in (Ca2+
+ Mg2+ − SO42− − HCO3− ) was observed with increases in (Na+
+ K+ − Cl−), what suggests the existence of important cationic ex-
change or silicate weathering processes (Jalali, 2005, 2007).
The plot SO42− vs. (SO42− − Ca2+) (Fig. 5E) displays the amount of
SO42− exceeding Ca2+ contents. Assuming that all the SO42− has its
origin in gypsum dissolution, this plot represents the amount of Ca2+
removed by either ionic exchange or calcite precipitation. In waters
with very low salinity, the negative values belong to the high Ca2+
low SO42− Ca2+-HCO3− irrigation water type. A slope of ca. 0.6 with
increasing salinity suggests that around half of the Ca2+ incorporated
in gypsum dissolution may be lost through exchange reactions, calcite
precipitation or both.
The evolution of previous ratios could be explained by the dissolu-
tion of gypsum in waters previously saturated with respect to calcite,
with the consequent incongruent dissolution of dolomite (Kehew,
2001). The addition of Ca2+ will produce the precipitation of calcite
(removing part of the Ca2+ added) and the concomitant dissolution of
dolomite (adding Mg2+ to the water). Another explanation can be
related to the hypothetical presence of Mg2+-bearing mineral
(e.g., epsomite) or the addition of Mg2+ through fertilization.
Finally, the plot SO42− vs. NO3− (Fig. 5F) showed a lack of relationship
between these two solutes, which may suggest different sources for
them(Li et al., 2006).Many earlier studies have relatedhigh SO42− levels
to agricultural activities (e.g., Moussa et al., 2011; Kim et al., 2005;
Sánchez et al., 2007) by means of its relationship to nitrate pollution,
although there are cases in which this pattern is not present. However,
the amount of sulfate originated in agricultural activities in the Lerma
Basin waters seems to be negligible in comparison with that provided
by the geological materials in the study area.
Thus, through the use of the ionic ratios the main processes
controlling the evolution of the Lerma Basin water have been inferred.
Cation exchange processes are probable, especially in the first phases
of the geochemical evolution, i.e., the percolation through soils and
the early stages of circulation in the Quaternary aquifers. After this, a
pattern controlled by the dissolution of both halite and gypsum may
explain the later phases in the geochemical evolution. Dissolution of
gypsum probably triggers calcite precipitation and the concomitant
dolomite dissolution, although dolomite dissolution kinetics is slow in
comparison with the remaining processes and other magnesium
sources can participate. The information generated in this section will
be used later (saturation indexes and geochemical modeling) to test if
these processes are thermodynamically feasible.
4.4. Speciation-solubility calculations
Speciation-solubility calculations provided the saturation indexes
(SI) of several mineral phases (calcite, dolomite, gypsum and halite)
and the CO2(g) partial pressure in the different water samples of the
Lerma Basin (Fig. 6).
Precipitation waters were highly undersaturated (SI b 0) with
respect to all the consideredmineral phases. However, irrigationwaters
were oversaturated (SI N 0)with respect to calcite and dolomite (Fig. 6A
and 6B) whereas they were undersaturated (SI b 0) with respect to87gypsum and halite (Fig. 6C and 6D). Irrigation waters came from a
surface water reservoir in the Pyrenean Range with many carbonate
aquifers in its recharge area. The conveyance of these waters in surface
canals favors its degasification, which explains the oversaturation of
these waters with respect to the carbonate minerals.
Significant differences were observed between ground- and surface
waters.Most of themwere in equilibrium or oversaturatedwith respect
to calcite and dolomite (Fig. 6A and 6B), although SI valueswere slightly
higher for surface waters (e.g., calcite SIaverage is 0.27 for groundwater
and 0.93 for surface water). The same happens with respect to gypsum
and halite, although both, ground- and surface waters, are undersatu-
rated (SI b 0) the SI values were higher for surface waters
(e.g., gypsum SIaverage is −1.6 for groundwater and −1.2 for surface
waters; Fig. 6C and 6D). Calcite and dolomite SI were independent of
EC, whereas gypsum and halite SI tend to increase with EC, pointing to
the dissolution of these minerals as one of the reasons for the increase
of salinity. In both cases, spring waters had an intermediate value
between ground- and surface waters.
The partial pressure of CO2(g) (pCO2) shows significant differences
between ground- (pCO2-average = 10−2.3), spring (pCO2-average = 10−2.6)
and surface waters (pCO2-average = 10−2.9) (Fig. 6E). As expected, the
values were higher in the groundwaters due to the presence of
organic matter in soils, roots respiration and microbial decomposition
(Kehew, 2001). A pattern of lower CO2 with higher SI for calcite was
inferred (Fig. 6F) suggesting degasification of the water in the flow
from ground- to surface waters. Surface waters show values closer to
equilibrium with atmospheric CO2 but still higher than those of the
atmospheric partial pressure, indicating that these waters will still
lose CO2 and, probably, precipitate calcite.
In summary, the results obtained for the saturation indexes and the
pCO2 supported the geochemical processes inferred previously,
especially regarding gypsum and halite dissolution and calcite precipi-
tation, which are thermodynamically favored.
4.5. Multivariate statistical analysis
4.5.1. Principal component analysis (PCA)
PCA results indicated that two components explained most of the
variance (82%, Fig. 7). Component 1 had high loadings for SO42−, Cl−,
Mg2+, Ca2+ and Na+, while it had moderate loadings for HCO3− and
pH. It had insignificant loadings for NO3− and K+. Component 1 can be
interpreted as indicating the salinization occurring in the Lerma Basin
waters, mainly through the dissolution of minerals bearing the above
mentioned components. This component explained 68.8% of the dataset
variance.
Component 2 appeared to be related to nitrate contamination as the
NO3− loading was clearly higher than any other (Fig. 7). Also high load-
ings were detected for K+, which can be related to the join application
of nitrogen and potassium fertilizers (NPK, Otero et al., 2005). In
addition, Component 2 presented moderate loadings of HCO3−, pH and
Na+. This factor explained 13.2% of the dataset variance. Those variables
that presented high loadings for Component 2 presented low values for
Component 1, and vice versa. This suggested independence in the
processes controlling the geochemical evolution.
Thus, the main conclusion obtained after the PCA application was
the isolation of the processes regarding the main problems in the
study area, i.e., the salinization and nitrate pollution processes.Whereas
the salinization process explained most of the variability in the dataset,
it was not related to nitrate pollution and, as a consequence, to fertil-
izers applied in agriculture. Thus, nitrate pollution does not seem to
affect the contents of dissolved solids in this study zone. These results
contrast with those of Nakano et al. (2008) or Moussa et al. (2011),
among others, who reported a relationship between salinization and
nitrate pollution processes in agricultural areas in Japan and Tunisia,
respectively. However, Lorite-Herrera et al. (2008) reported a case for
the hydrogeochemistry of a regional alluvial aquifer in the Guadalquivir
Fig. 6. Evolutionwith salinity (indicated as electrical conductivity) of saturation indexes of calcite (A), dolomite (B), gypsum (C), halite (D) and partial pressure of CO2 (E). Partial pressure
of CO2 against calcite saturation index (F). Legend: P: precipitation; I: irrigation; GW: groundwater; SpW: spring water; SW: surface water. The shaded areas indicate the ranges of
uncertainty for the calculated saturation indexes; ±0.22 for gypsum (Langmuir and Melchior, 1985), ±0.35 for calcite and ±0.5 for dolomite (Plummer et al., 1990).
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to nitrate pollution. Thus, the relationship between salinization and ni-
trate pollution seems to depend on the specific characteristics of the88study zone, with the expected influence of the natural salinity of the
area. Apparently, the higher the natural salinity, the lower the influ-
ence of agriculture in the salinization of water bodies. However, the
Fig. 7. Component loading diagrams for variables obtained after principal component analysis for Component 1 and Component 2. Variance of dataset explained, variables with high
loading and moderate loading (in brackets) and main related process.
340 D. Merchán et al. / Science of the Total Environment 502 (2015) 330–343
Chapter VI: Hydrogeochemistryinfluence of salts provided by agriculture should be considered in low-
salinity water bodies.
4.5.2. Hierarchical cluster analysis (HCA)
HCA results allowed the association of the Lerma Basin samples in
two different branches (Fig. 8). Branch 1 grouped the recharge waters,
and was divided into two sub-branches. Branch 1.1 included all the
samples of the precipitation water (P) whereas Branch 1.2 included all
the samples of irrigation water (I) along with several samples of
groundwater and a sampling point of surface water. These ground-
and surface water samples were highly influenced by the recharge
water. The SW5 sampling point is located in an area dominated by
low salinity Quaternary materials and it is close to the irrigation canal,
probably receiving some seepage from it (Fig. 1). Samples in branchFig. 8. Simplified results fromhierarchical cluster analysis (HCA). For a better visualization, only
shown. Sampling point names surrounded by a rectangle are the ones for which every single s
891.2 of wells GW3, GW4 and GW5 correspond to the irrigated season,
when the aquifer is highly influenced by the recharge of irrigation
water (Fig. 8).
Branch 2 grouped most of the collected samples (69%) and it had
two different subgroups. Branch 2.1 included most of the groundwater
samples collected and all the spring samples, which was coherent
since non-significant differences were detected between these two
groups and non-significant changes in the water chemistry were
found in the groundwater flow lines. Branch 2.2 included most of the
surface water samples, which had a higher salinity in general, along
with several groundwater samples (locations GW12 and GW6). These
wells were located in the vicinity of the more gypsum-rich layer in the
basin, which can explain its enrichment in salts and its similarity to
the surface water (Fig. 1).clustering of similarities above 200 and sampling points (instead of individual samples) are
ample falls into the displayed grouping.
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hydrological behavior of the Lerma Basinwaters. The existence of irriga-
tion canal seepage was detected by the identification of a surface water
location in a grouphighly influenced by irrigationwater.Moreover, high
hydrochemical similarity was detected between ground- and spring
water, which was in agreement with other observations in the ion–ion
ratios or in the statistical comparisons. Groundwaters in some areas of
the study zone, mainly southern glacis water body, where the nodular
gypsum strata severely affects water quality, presented higher salt
contents, providing a higher salinity to the waters in these areas of the
basin. This fact is in line with the main hypothesis, which suggests
that the geological set up controls the salinization processes in this area.
4.6. Geochemical modeling
4.6.1. Inverse modeling
Taking into account all the feasible mineral phases inferred in the
previous sections, mass balance calculations were performed using
PHREEQC software. The global uncertainty of analytical results was
limited to 5%. The more simplistic models coherent with the observa-
tions made in previous sections of the studywere selected. The possible
processes considered in the mass balance include:
• Evapotranspiration of water with no dissolved content (only in those
balances in which the initial water was precipitation or irrigation
water).
• Dissolution of halite, gypsum and epsomite.
• Calcite precipitation.
• Dolomite dissolution.
• CO2(g) exchange.
• Cation exchange.
• NO3− sources/sinks.
Mass balance calculations were performed between water samples
located in feasible flow lines, i.e., from precipitation and irrigation
waters to groundwaters, from ground- to springwaters and from spring
to surface waters. This approach assumes that surface water origin is
mainly from springs and seepages coming from groundwater, which
can be justified since intermittent streams became perennial streams
after the implementation of irrigation in the Lerma Basin (Merchán
et al., 2013). In most of the flow lines, the results gave the dissolution
of either gypsum or epsomite to fit the sulfate concentration in the
mass balance (Table 4). When gypsum was used, the addition of Ca2+
made necessary that higher amounts of calcite precipitate and dolomite
dissolve to fit the concentrations of Ca2+ and Mg2+. When epsomite
was used, lower calcite precipitation and dolomite dissolution were
required. A situation between these two extremes is probably happen-
ing in the Lerma Basin waters.
As an example, a flow line in the hydrological system is represented
by samples I→ GW11→ GW10→ SpW2→ SW3, i.e., irrigation waterTable 4
Inverse modeling results (PHREEQC) after a mass balance between sampled points in a represe
columns, results considering either gypsum (a), or both epsomite and gypsum (b), are present
and no value means no mass transfer.
Phases I → GW11 GW11 →
(mmol L−1) (a) (b)
Halite 4.85
Gypsum 0.65
Epsomite 0.64
NaX 1.76 1.74 1.01
CaX2 −0.88 −0.87 −0.51
CO2(g) 0.64 0.65
Calcite −1.18 0.00
Dolomite 1.08 0.49 0.43
NO3− 0.68 0.67 0.84
H2O (mol L−1) −25.20a −25.54a
a Implies c.a. 46% evapotranspiration.
90applied to the crops infiltrates and flows through the glacis until it
reaches the Tertiary materials, where it seeps out to the surface. There,
it follows a diffuse flow until it reaches the gullies (Fig. 9). Geochemical
mass balance results for this flow line are shown in Table 4. The calcula-
tions correspond to the data from the sampling campaign on July 27th
2011, during the irrigation season, but they are also representative of
those observed in other sampling dates.
According to these results, the groundwater chemical composition
(I → GW11 in the example in Table 4) could be explained by the
combination of the following processes: evapotranspiration of precipi-
tation or irrigationwater, cation exchange, halite and gypsum/epsomite
dissolution, CO2(g) input and dissolution of NO3− from fertilizers.
Along the groundwater flow (GW11 → GW10 → SpW2 in the
example in Table 4), the net geochemical reactions include the dissolu-
tion of small amounts of halite and gypsum/epsomite, and the addition
of nitrate leached from agricultural soils. The degasification of CO2(g)-
enriched groundwater takes place at the inter-phase between ground-
waters and surface waters, which produces the precipitation of calcite.
Finally, when the seeped groundwater reaches the surface drainage
network (SpW2→ SW3 in the example in Table 4), the net geochemical
reactions include the dissolution of important amounts of halite and
gypsum/epsomite, with the consequent precipitation of calcite and
dissolution of dolomite. The losses of nitrate are also significant process-
es in this step.
The mass balance approach supported the processes exposed in the
previous sections. Thus, the main geochemical reactions required
included: the evapotranspiration of 64%–81% of irrigationwater (values
in the range of those reported for irrigation efficiency in the study area
by Abrahão et al., 2011a, 72%), the addition of CO2(g) (probably from
soil respiration processes, Kehew, 2001), the cation exchange (mainly
during the first part of the flow line) and the dissolution of halite and
gypsum/epsomite. The dissolution of gypsum triggers the concomitant
precipitation of calcite/dissolution of dolomite (e.g., Appelo and
Postma, 2005). The enrichment in CO2(g) produced in soils is partially
lost when the groundwater reaches the springs and gets into contact
with the atmosphere. Finally, nitrate increases during the whole
groundwater flow line and suffers a significant decrease in the surface
waters. Merchán et al. (2014), proposed a combination of dilution
with upstream waters and denitrification in diffuse surface flow paths
as a probable explanation for the lower NO3− concentrations observed
in surface waters in the Lerma Basin.
4.6.2. Direct modeling
The geochemical evolution of irrigation water was simulated by
direct modeling with PHREEQC in order to confirm the main processes
detected. The steps followed in this simulation are reported in Fig. 9.
The simulations were performed with a fixed saturation index for
calcite (SIcalcite = 1.2) which is around the maximum observed in the
Lerma Basin waters. Additional tests were simulated using differentntative flow line during the irrigation season (July 27th 2011). In mass balances with two
ed. Positive values means mass entering water, negative values means mass leaving water
GW10 GW10 → SpW2 SpW2 → SW3
(a) (b)
0.92 9.00 9.01
0.48 3.87 2.21
1.66
−1.30 0.78 0.78
−0.31 −4.05 −0.73
1.66 0.00
0.45 −1.61 −1.61
Fig. 9. Conceptual model with performed simulations in the Lerma Basin through PHREEQC. Diamond, circle, square and triangle indicate irrigation, ground, spring and surface waters
respectively.
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(10−2.0 and 10−2.5). The modeling steps start with the infiltration of
irrigation water in the aquifer (A, Fig. 9), then the enrichment in salts
in groundwater (B, Fig. 9), and finally a higher enrichment in salts
during the surface flow (C, Fig. 9). The proportions of solutes have
been selected to match the observations from the mass balance results.
The theoretical results of these simulations are included in the previ-
ously discussed ionic ratio plots with the real measured data (gray lines
in Fig. 5). They indicate that the combination of the processes inferred in
previous sections reproduces fairly well the geochemical evolution of
the dataset, underpinning confidence in the proposed processes.
Nitrification of non-nitrate fertilizers or denitrification have not
been considered in this simulation, although in some studies significant
changes in water geochemistry have been reported as a consequence of
these processes (e.g., Kim et al., 2005; Koh et al., 2007). However, the
fact that a rather good reproduction of the geochemical evolution can
be achieved without considering NO3− pollution in the geochemical
model supports our hypothesis on the independence of the salinization
and nitrate pollution processes in this specific study case.
Consequently, our study suggests that the main factor controlling
water salinization processes is the geological setup, while the anthropo-
genic influence seems to play a negligible influence compared to the
natural processes. Therefore, the main possible remediation strategies
should be linked to an adequate management of irrigation water to
decrease the salt loads to downstream waters (Abrahão et al., 2011b;
Duncan et al., 2008; García-Garizábal et al., 2009). However, the enrich-
ment in inorganic ions (Na+, Cl−, Ca2+, Mg2+ and SO42−) is not the
major component of agricultural pollution. Those components provided
exclusively by agricultural pollution, such as NH4+, organic carbon or
phosphate were not included in this study. Nevertheless, the influence
of these other components inwater salinity is expected to be negligible.
5. Conclusions
In this work, the geochemical processes affecting water salinization
in an irrigated basin were studied through amultidisciplinary approach
including laboratory and field data, statistics and modeling. All the
information collected pointed to the natural control of salinization
processes with non-significant influence of anthropogenic factors.91Among all the soils in the study zone, those developed over the
Tertiary materials are the main providers of salts to the waters. The
dissolution of halite and gypsum, along with cation exchange, are the
main processes that increase water salinity. They generate a significant
increase in salinity from recharge (precipitation and irrigation) to
discharge water (surface water at the outlet of the basin), with conse-
quent decrease in water quality.
Groundwater is in equilibriumwith calcite and dolomite, but highly
undersaturated with respect to gypsum and halite. Under these condi-
tions, the dissolution of gypsum probably forces the precipitation of
calcite and the concomitant dolomite dissolution. Surface water is
oversaturated with respect to both calcite and dolomite, as a conse-
quence of surface water degasification, but still undersaturated with
respect to gypsum and halite.
Multivariate analysis suggests independence of the processes
controlling water salinization and nitrate pollution, from natural and
anthropogenic controls, respectively. Apart from recharge waters, two
groups of waters are differentiated: ground- and spring water; and
surface waters, with lower and higher salinity, respectively.
Finally, the hypotheses about geochemical reactions and the inde-
pendence of nitrate pollution and salinization were confirmed through
the use of modeling tools, supporting the predominance of natural
processes controlling salinization in the Lerma Basin waters.Acknowledgments
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Abstract 
 
Implementation of irrigated agriculture is common in semi-arid areas around the world. 
An assessment of irrigation performance is presented herein for a hydrological basin 
with an area of 7.38 km2, representative of pressurized irrigated areas within the Ebro 
Basin (Spain). The study covers ten hydrological years, comprehending periods before 
(2004-2005), during (2006-2008) and after (2009-2013) transformation to irrigated land. 
Water balances were carried out for each of the 55 agricultural plots and for the totality 
of irrigable area. Once the water balance for the basin is validated, indicators of 
irrigation performance were obtained from the soil water balances for the vegetative 
cycle of the crops in each plot. Water balances presented good results, with balance 
errors below 10.0% for most of the studied years and an error of 1.2% across the entire 
study period. After implementation of irrigation, irrigation became the main water input 
to the basin (approximately 60%) whereas actual evapotranspiration accounted for the 
major output (approximately 70%). Irrigation efficiency reached 76.1%, while the 
losses of efficiency were due to evaporation and wind drift of sprinkler irrigation 
(13.5%) and drainage fraction (10.4%). A water deficit of 17.8% was estimated. The 
irrigation efficiency increased (1.05% year-1), while the irrigation drainage fraction 
decreased (0.95% year-1). However, improvements in irrigation performance were not 
guaranteed as water deficits also increased (0.95% year-1). Optimal water use could be 
achieved through adequate design of irrigation schedules, i.e., irrigation rates adjusted 
to the requirements of crops and minimization of evaporation and wind drift losses. 
 
 
Keywords: irrigation efficiency; irrigation drainage fraction; evaporation and wind drift 
losses; water deficit. 
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1. Introduction 
 
During the last decades, transformation of rainfed areas into irrigated agriculture areas 
is a common process reported in several locations around the world (FAO, 2003a). 
Transformed areas experience an increase in productivity, crop stability and diversity. 
Hydrological basins with a significant proportion of surface affected by this land use 
experience changes in hydrological behaviour from quantitative and water quality 
perspectives (e.g., Abrahão et al., 2011a, 2011b). For example, irrigation return flows 
play an important role in water balances of hydrological basins, especially in arid and 
semi-arid climates, where perennial lakes or streams rely on inputs from irrigation 
return flows (Scott et al., 2011; Merchán et al., 2013). 
 
The progressive water scarcity reported in many areas of the globe implies in a great 
effort to evaluate all different water uses. Irrigated agriculture is recognised as the main 
consumer of water resources worldwide (FAO, 2003b). Consequently, studies have 
addressed the efficiency of water use in irrigated agriculture through several irrigation 
quality indexes (e.g., Skhiri and Dechmi, 2012; Soto-García et al., 2013). 
 
Quantitative comparison between studies on irrigation efficiency –and other indexes– is 
difficult, since different definitions are adopted across studies (Lankford, 2012). 
Definitions range from irrigation efficiency at a plot level (Setegn et al., 2011; Ahadi et 
al., 2013) to irrigation district level (Jia et al., 2013), or even economic definitions 
dealing with mass of harvest or income generated by water volume applied (Soto-García 
et al., 2013). However, in a study area with a long record of data and consistent study 
methodology, quantitative comparison and assessment of the evolution of irrigation 
performance is feasible. Even though there are differences in the results produced by 
different irrigation performance definitions, qualitative comparison between studies 
may be of use (Lankford, 2012), as an idea of the better irrigation scenarios can be 
provided. 
 
On-plot irrigation efficiency depends on various on-farm design and management 
factors such as soil type, field length, crop type, crop cultural practices and irrigation 
scheduling (Ahadi et al., 2013). Thus, irrigation efficiency is both spatially and 
temporally variable. Consequently, a standard set of mandatory best management 
practices (BMP) has no utility, as these BMP should be adapted to the particular study 
case (Hernández and Uddameri, 2010). 
 
Moreover, it is expected that in its first years of operation, a newly-developed irrigation 
area would not achieve optimal performance levels that are typical of the utilized 
irrigation system. Farmers that have been accustomed to different systems (i.e., different 
agricultural practices such as those developed in rainfed areas) need time to adapt to the 
new technology and possibilities of irrigated systems. In fact, a similar statement could 
be made regarding modernization of irrigation structures, such as the shift from flood to 
pressurized irrigation. In both cases, such evolutions are especially interesting as the 
2100
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improvement of irrigation performance influences individual farmers (water savings) 
and the water management authority of the basin (modification of irrigation return flows 
downstream; Jia et al., 2013). Besides, irrigation performance severely affects the 
leaching of pollutants from irrigated agriculture (e.g., salts, Duncan et al., 2008; nitrate, 
Quemada et al., 2013).” 
 
The irrigation performance in Spain has been deeply studied (e.g., Lorite et al., 2004; 
Farré and Faci, 2009; Salvador et al., 2011; Soto-García et al., 2013), as the climatic 
conditions and high population density in some areas make water scarcity a great 
problem. Particularly, irrigated agriculture in the Ebro Basin has received wide attention 
(Isidoro et al., 2004; Playán et al., 2005; García-Garizabal and Causapé, 2010; Barros et 
al., 2011; Andrés and Cuchí, 2014). 
 
In this context, the objective of this study was: (i) to assess the changes in the water 
balance after transformation from rainfed to pressurized irrigated agriculture; and (ii) to 
study the evolution of irrigation performance during the years after the transformation. 
This paper presents the first part of a study that also assessed the agro-environmental 
impact caused by salts and nitrate from this newly-implemented irrigated area. 
 
 
 
2. Description of the study area 
 
The study area is the hydrological basin of the Lerma Gully (7.38 km2, Fig. 1), located 
on the left side of the Middle Ebro River Valley, in Northeast Spain, in the Arba River 
Basin. In the early 2010’s, the original project was to transform half of its surface in 
irrigated land, with water originating from the Yesa Reservoir (located in a neighbour 
hydrological basin, Aragón River Basin). The irrigated surface increased gradually 
between 2006 and 2013 (Table 1). The main increase was observed between 2006 and 
2008, although complete transformation was not reached until 2013 (352 ha), the last 
year included in this study. 
 
Before implementation of irrigation, the main crops were wheat and barley, which were 
seeded in winter and harvested in June or July. Production relied on meteorological 
conditions, with good harvest in wet years. An interruption in cultivation occurred 
between 2003 and 2005, when construction for the implementation of irrigation took 
place (new distribution of plots, building of access ways, main pipe network and ponds 
installation). After the installation of on-farm equipments, maize (44%), barley (12%), 
sunflower (9%), pea (9%), wheat (7%) and tomato (6%) were the main crops in the area 
(Table 1). Sprinkler irrigation accounted for 93% of the irrigated surface, with drip 
irrigation used for the remaining area. Irrigation water rates (average of 5,680 m3 ha-1) 
were influenced by the annual crop pattern and its water requirements, as well as by the 
presence of double cropping (16% of the cultivated surface, on average). 
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Fig. 1. Location of the Lerma Basin, Arba and Ebro River Basins. Hydrological and irrigation 
features, monitoring locations. Agro-climatic stations in the proximity of the Lerma Basin. 
 
 
The geology of the study area is composed by Tertiary materials consisting of relatively 
thin layers of marls, clays, limestone and gypsum (66% of the surface, Fig. 1), covered 
locally (34%) by Quaternary glacis consisting of gravels with loamy matrix (ITGE, 
1988). A network of twelve piezometers and a geophysical study provided data on the 
thickness of the Quaternary materials, with a maximum of 12 m, and more frequent 
thickness values between 1 m and 6 m (Plata, 2011). Soils developed on the glacis 
(Calcixerollic Xerochrepts, Soil Survey Staff, 2014) display loamy textures, with an 
effective depth of 60–90 cm. The low salinity (electrical conductivity of the saturation 
extract: ECe < 4 dS m-1) and small risk of erosion (slope < 3%) characterized these 
zones as suitable for conversion into irrigated land (Beltrán, 1986), and therefore most 
of the irrigated area covers the Quaternary surface (Fig. 1). In contrast, soils developed 
in the valleys of the Lerma Basin (Typic Xerofluvent, Soil Survey Staff, 2014) have a 
lower effective depth (between 30 and 45 cm), limited by limestone or tabular gypsum 
levels, which provide slow drainage. These Tertiary valleys were classified as not 
appropriate for irrigation due to of higher salinity values (ECe between 4 and 8 dS m-1) 
and steep slopes (>10%) (Beltrán, 1986). 
 
According to the agro-climatic stations of the Integrated Irrigation Advisory Service 
(SIAR Network: http://oficinaregante.aragon.es), temperatures ranged from monthly 
averages of approximately 4 ºC (February) to 22 ºC (August), with a yearly average of 
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14 ºC. Average rainfall for the ten study years (hydrological years 2004–2013) was 
382 mm year-1 with a high annual variability (coefficient of variation: CV = 31%). A 
typical year consists of two dry seasons (summer and winter) and two wet seasons 
(spring and autumn) (Fig. 2). The average reference evapotranspiration (ET0) calculated 
by the Penman–Monteith method (Allen et al., 1998) was three times higher 
(1307 mm year-1) than rainfall, less variable (CV = 6%) with no even distribution 
throughout the year, presenting 75% of ET0 occurring between April and September 
(Fig. 2). 
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Fig. 2. Average monthly precipitation (P), irrigation (I) and reference evapotranspiration (ET0) 
of the Lerma Basin during 2004-2013. For irrigation, only the years 2009-2013 were used. 
 
 
 
3. Methodology 
 
Daily water balances for the irrigable area of Lerma Basin were carried out for each of 
the 55 plots throughout the period 2004-2013. An assessment of irrigation performance 
through the computation of indices was also accomplished. Calculations were 
automated through the utilization of EMR 2.0 (Irrigation Land Environmental Tool –
EMR–, from its Spanish abbreviation, Causapé, 2009a). This methodology has been 
applied to several irrigated areas in the Middle Ebro River Basin (Causapé, 2009b; 
García-Garizábal et al., 2009, 2011; Abrahão et al., 2011a; Skhiri and Dechmi, 2012; 
Andrés and Cuchí, 2014). 
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3.1. Water balances 
 
3.1.1. Soil water balances 
 
The meteorological data required for calculation for the water balances was obtained 
from four agro-climatic stations of the SIAR Network, located between 4 to 18 km 
away from the study zone in all directions (El Bayo, Ejea, Luna and Tauste, Fig. 1). The 
EMR software utilizes the inverse square distance technique to interpolate the climatic 
variables from the different stations to obtain a daily value for every plot in Lerma. 
Daily irrigation volumes were provided by the Irrigation Authority XI of the Bardenas 
Irrigation District, obtained from flow meters at the plot level. 
 
Data on precipitation (P), irrigation (I), combined losses due to evaporation and wind 
drift of sprinkler irrigation (EWDL), and potential evapotranspiration (ET0) were 
utilized to develop daily soil water balances (SWB) to estimate actual 
evapotranspiration (ETa), soil drainage (DSWB) and soil water storage (∆S) in each of the 
55 irrigated plots: 
 
(P + I) − (ETa + DSWB + EWDL) = ∆S      (1) 
 
A percentage of losses was applied to the irrigation volume to quantify the combined 
losses by evaporation and wind drift of sprinkler irrigation, based on wind speed 2 m 
above the surface (WS, m s-1) and relative humidity 1.5 m above ground level (RH, %) 
(Playán et al., 2005): 
  
EWDL (%) = 20.34 + 0.214 WS2 − 2.29 × 10−3 RH2    (2) 
 
The daily crop potential evapotranspiration (ETC) was calculated (Allen et al., 1998), 
from reference evapotranspiration (ET0) and the monthly crop coefficients (kc) obtained 
from Martínez-Cob (2004) for the study zone: 
 
ETC = ET0 × kc         (3) 
 
It is not the objective of this work to present a detailed explanation of the crop cycle and 
irrigation management for every crop or plot, nor its influence on the estimation of ETC. 
However, maize deserves a more detailed explanation since it is predominating crop 
with high water demands (Table 1). In the study area, maize is sowed in early April (as 
a single crop) or mid-June (as a secondary crop), and harvested in October (Fig. 3). It is 
irrigated approximately every week between April and June, when three or four 
irrigation events per week are conducted until late August-early September, when the 
crop coefficients peak (Fig. 3). 
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Fig. 3. Crop coefficient (kC) used for maize, covering the period between early April and early 
October (Martínez-Cob, 2004). 
 
 
The water holding capacity of the soil (WHC, mm) for plants was estimated from the 
average apparent electrical conductivity of the soil (ECa, dS m
-1) (Causapé et al., 2009; 
Grisso et al., 2009) for each field, which depended on the water content of the soil. ECa 
was derived from 43,433 measurements made throughout two weeks after significant 
rainfalls (soils at field capacity). A mobile geo-referenced electromagnetic sensing 
system (Urdanoz et al., 2008) was utilized for these measurements and the WHC of 10 
soil samples (representative of the ECa range of Lerma) was analyzed in the laboratory 
according to the methodology of the Soil Survey Laboratory (1995) –WHC: field 
capacity (0.33 bar of soil water tension) minus wilting point (15 bar)–. The statistically 
significant relationship established between ECa and WHC was: 
 
WHC = 415.7 ECa + 2.42;  R
2 = 0.91;    p < 0.001    (4) 
 
Due to the uncertainty in this estimation, in a preliminary stage a range of WHC values 
were used for each plot, consisting of the 20% higher and 20% lower values of WHC. 
The impact of utilizing this range of values was assessed, as in turn, WHC influences 
the estimated components from the soil water balance. 
 
Therefore, starting from an initial volume of available water for plants in the soil (AW), 
EMR adds the daily inputs by net irrigation (I − EWDL) and precipitation (P). EMR 
considers that ETa = ETC if AWinitial + P + I − EWDL > ETC, but otherwise ETa = 
AWinitial + P + I – EWDL; hence, the soil has a wilting point level of moisture at the end 
of that day (AW = 0). However, if AWinitial + P + I − EWDL − ETa > WHC, the program 
interprets that the field soil capacity has been surpassed, and drainage from soils (DSWB) 
occurs in amounts equal to DSWB = AWinitial + P + I − EWDL − ETa − WHC, which 
means that the soil presents field capacity (maximum AW = WHC) at the end of that 
day. The calculation of water balances started one year before the beginning of the 
study (October 1st, 2002), assuming the water content was equal to ½ WHC in the first 
day. 
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The effective precipitation (Pef, share of precipitation that contributes to the water 
requirements of crops) was estimated for each day and each field, considering that if P < 
WHC + ETa − AW then Pef = P, and otherwise Pef = WHC + ETa − AW. This estimate 
does not consider the existence of preferential flows or the runoff that could be 
generated. Nevertheless, it is a valid estimate as the fields in the study area are terraced 
and intense rain is needed to generate runoff or fast percolation. 
 
The drainage volume proceeding from irrigation (DI) was estimated by considering, for 
the days and fields with drainage, that if AW + P − ETa ≥ WHC then DI = I − EWDL 
and otherwise DI = [I − EWDL] − [WHC − (AW + P − ETa)]. This means that, on any 
given day, rainfall will always occur before irrigation and, thereby, irrigation drainage 
has priority over rainfall drainage. It is assumed that a farmer should take rainfall into 
consideration when deciding whether to irrigate, and thus drainage is assigned 
preferentially to irrigation rather than to precipitation. 
 
3.1.2. Water balances in the irrigable area 
 
Water balances were obtained for the irrigable area considering also the incoming water 
flows (IWF), water drained through the Lerma Gully (LG) and the storage of water in 
the aquifer (∆A) to complete a basin water balance: 
 
(P + I + IWF) − (ETa + LG + EWDL) − (∆S + ∆A) = Balance error  (5) 
 
The water evacuated via drainage was quantified by a gauging station (Fig. 1) equipped 
with continuous monitoring instruments, which allowed for the registry of water height 
(h, m) measurements every 10 minutes. These measurements were converted into flow 
units (Q, m3 s-1) according to the equations provided by the software Winflume (Wahl, 
2000): 
 
Q = 1.73 × (h + 0.00347)1.624 for h ≤ 0.5 m       (6) 
 
Q = 10.28 × (h + 0.01125)1.725 for h > 0.5 m      (7) 
 
From the beginning of the study (October 1st, 2003) until the gauging station was 
operational (August, 2005), the flow of Lerma Gully was estimated from precipitation 
data and based on a runoff coefficient of 10.1% and on the shape of the recession curves 
obtained for the period when the gauging station was available and the first irrigation 
season had not started (October, 2005 to March, 2006). 
 
IWF was constituted of the runoff generated in the unirrigated area, channel filtrations, 
and several leakages (from broken pipes) that produced increases in the discharge. For 
the unirrigated area, the aforementioned runoff coefficient was applied to estimate the 
incoming water flows. Irrigation channel filtrations were estimated through chemical 
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gauging in several locations and seasons. A high-resolution hydrograph was utilized to 
estimate the amount of water generated by pipe breakages. 
 
Finally, the annual water storage in the aquifer was estimated based on the aquifer area 
(251 ha) and on the saturated thickness provided by three representative piezometers 
located in each independent groundwater body (Fig. 1). An effective porosity of 5% was 
considered, which was obtained from pumping tests performed in the piezometers. The 
effective porosity obtained was within the range provided for the lithology of the 
aquifer (Custodio and Llamas, 1983). In March, 2008, eight piezometers were installed, 
and in April, 2010, four additional piezometers were installed, completing the 
piezometers network. Therefore, storage in the aquifer could only be estimated for the 
hydrological years 2009-2013. Given the uncertainty embedded in the effective porosity 
estimation, initially the balance calculations were performed with different values of 
porosity to assess the sensitivity of the global results to this parameter. A “double and 
half” approach was used, testing porosities of 2.5, 5.0 and 10.0%. 
 
The difference between inputs (IN), outputs (OUT) and storage (ST) constituted the 
balance error (BE), which was evaluated in percentage terms (Causapé, 2009a): 
 
BE [%] = 200 × [(IN − OUT– ST)/(IN + OUT + ST)]    (8) 
 
As several components of the water balance were roughly estimated, BE of 
approximately 10% are generally accepted in this type of studies. 
 
 
3.2. Water use and irrigation performance indices 
 
Analysis of irrigation performance involved the computation of net hydric needs (HNn), 
irrigation efficiency (IE), irrigation drainage fraction (IDF), and water deficit (WD). 
These indices were calculated for each field and during crop cycles, from data provided 
by water balances in the soil (Causapé, 2009a): 
 
HNn = (ETC + AWfinal) − (AWinitial + Pef)      (9) 
 
IE = [1 –(DI + EWDL)/I] × 100       (10) 
 
IDF = (DI/I) × 100         (11) 
 
WD = [(ETC–ETa )/ETC] × 100       (12) 
 
HNn estimates the volume of irrigation water necessary to avoid crop yield losses due 
to water stress. IE quantifies the percentage of irrigation that has been used to either 
meet the water requirements of the crops or be stored as soil water. IDF quantifies the 
percentage of irrigation lost in drainage and is influenced by the irrigation volume 
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applied and the soil water content when irrigation occurs. Finally, WD evaluates the 
extent to which the water requirements of crops have not been met. 
 
High quality irrigation is experienced when WD and IDF are close to zero and IE 
approaches 100%. It must be noted that some irrigation events are not intended to meet 
water requirements, but to optimize humidity in the soil for specific agronomic 
activities (e.g., seed irrigation, tillage, testing irrigation equipment). Conversely, it may 
be necessary to apply excessive irrigation under certain circumstances to promote the 
leaching of salts with the subsequent generation of drainage and, therefore, loss of 
irrigation efficiency (Corwin et al., 2007). Furthermore, controlled deficit irrigation 
techniques might be applied to cause an intended water deficit (Farré and Faci, 2009). 
 
During the years 2007, 2008 and 2012, surveys were conducted (by phone and face-to-
face enquiries) with all farmers included in the Lerma Basin. Information regarding 
crops, times of sowing and harvest, and yields were registered to better understand the 
results of the irrigation performance indicators. 
 
 
 
4. Results and discussion 
 
4.1. Water balances 
 
The total amount of the input components in the water balance for the irrigated area of 
the Lerma Basin was significantly modified with the implementation of irrigation 
(Table 2, Fig. 4). Overall inputs values ranged from 262 mm (dry year) to 711 mm (wet 
year) during the rainfed period. During the irrigated period, inputs exceeded 800 mm 
even in dry years (Table 2), which demonstrates the relevance of irrigation. The 
temporal distribution was also affected, shifting from precipitation- to irrigation-
controlled, i.e., the main inputs were centred in the rainy months for the rainfed period 
whereas inputs were centred in the irrigated season for the irrigated period (Fig. 2). 
 
Precipitation ranged between 227 and 632 mm year-1, with an average of 382 mm year-1 
(CV = 31%). Opposing extreme situations occurred before implementation of irrigation 
(Table 2). During the irrigated years, precipitation was, in general, closer to average 
values. Effective precipitation averaged 85%, ranging from 58 to 96% throughout the 
different years (Fig. 4); this value was higher than what is generally obtained from 
theoretical estimation (75%), typically used in other studies (Cuenca, 1989). 
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Fig. 4. Monthly inputs (irrigation, non effective precipitation and effective precipitation) and 
outputs (combined losses by both evaporation and wind drift-EWDL, actual evapotranspiration, 
precipitation drainage and irrigation drainage) during hydrological years 2004-2013. 
 
Although precipitation was the greatest input during 2004–2006 (which covers the 
unirrigated period and the first irrigated year), it was surpassed by irrigation in the year 
2007 (Table 2, Fig. 4). Annual irrigation reached 618 mm (in 2012) with an average of 
401 mm for the entire study period. Average annual irrigation was 567 mm for the 
period when irrigation was consolidated (2009-2013, Table 2). The irrigation season 
comprehends the period April-September, but July and August presented more intense 
irrigation (Fig. 2). Irrigation was also the most important input in other semi-arid 
irrigated areas in the Ebro Basin (García-Garizábal et al., 2011; Andrés and Cuchí, 
2014) as well as around the world (e.g., Scott et al., 2011). 
 
Incoming water flows (IWF) from the unirrigated area had to be considered in the 
estimation of the balance in the irrigable area,. IWF included runoff generated over the 
unirrigated area (80% of IWF), filtration along the channel (17%) and some localized 
leaks in the pipe system (3%). Throughout the study period, leaks supposed 7% of 
inputs, ranging from 4 to 13% in the different years (Table 2).  
 
The main output was actual evapotranspiration, accounting for 73% (CV = 9%) of the 
outputs, ranging from 64 to 84% (Table 2). The highest ET0 were recorded in the driest 
years (2005 and 2012). ETC greatly increased its values with the expansion of irrigation 
(Table 2). Consequently, ETa increased progressively throughout the study period. 
However, ETa never reached the potential ETC values due to scarcity of available water 
in the soil during specific periods. ETa was the most affected variable when different 
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water holding capacities were tested; nevertheless, 20% variations in WHC resulted in 
very small differences in ETa (between 1.8 and 2.3%).  
 
The flow in Lerma Gully accounted for 22% of outputs (Table 2), ranging from 15% in 
dry years (2005 and 2012) to 29% (2009), possibly as a consequence of the installation 
of artificial drainage to avoid plot flooding. A shift was observed in the monthly 
distribution of gully discharge, changing from a precipitation-driven pattern to one 
controlled by precipitation and irrigation. 
 
The combined losses by evaporation and wind drift of sprinkler irrigation, absent in the 
unirrigated period, ranged from 4 to 10% of outputs during the irrigated period, 
averaging 7% (Table 2). 
 
Water storage in the soil ranged from -52 to 56 mm year-1 across the study period (Table 
2). This parameter is very dependent on the specific hydrologic conditions of a 
particular year, as the amount of water stored in soils can vary significantly with 
irrigation or precipitation in the last days of the hydrological year. 
 
The water table in the aquifers varied considerably during the irrigation season (Fig. 5), 
rising sharply at the end of the irrigation season and decreasing during the remainder of 
the year. Although aquifer storage could not be estimated for the first five years, it 
ranged from -38 to 36 mm year-1 during the period 2009-2013 (Table 2). The 
accumulated value of aquifer storage was -3 mm year-1, which can be explained by the 
construction of drains, as reported by farmers (Irrigation Authority XI, personal 
communication). Given the proximity of a low permeability layer in large areas of the 
basin (Plata, 2011), several plots experienced problems related to the rise of water table 
and consequently, artificial drainage was installed in different plots. Aquifer storage 
was utilized to close the balance in the period 2004-2008, providing an average storage 
of 30 mm year-1 throughout the study period, which is in line with the change from 
intermittent to perennial gullies dependent on groundwater (Merchán et al., 2013). It is 
probable that the saturated thickness in the aquifer increased during the first years of the 
study. 
 
Balance error (Table 2) was within the interval ±10% for most of the studied years and 
thus is considered an acceptable balance closure. Testing different WHC and porosities 
did not produce relevant changes in balances errors (between ±0.3%), as soils and 
aquifer storage were negligible in comparison with other components. In addition, the 
cumulative water balance improved with time, resulting in ±1.2% in the last years. 
Finally, the difference observed between the drainage estimated from the soil water 
balance and drainage from the difference between the discharge and incoming water 
flows of Lerma Gully for the entire study period was 10%. This demonstrated that the 
estimated drainage from soil water balances is of the same order of magnitude than the 
drainage measured in the gully. Therefore, the water balances were acceptable, allowing 
for the quantification of irrigation performance indices. 
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Fig. 5. Saturated thickness in selected piezometers for the years 2007–2013. 
 
 
4.2. Irrigation Performance 
 
The expansion of the irrigated area resulted in increases in the net hydric requirements, 
from 0.59 hm3 in 2006 up to 2.28 hm3 in the dry year of 2012 (Table 3). Nevertheless, 
in a wet year such as 2013, with irrigation completely implemented (100%) and similar 
crop distribution, HNn were 1.55 hm3. Specific HNn for crops were higher than the 
average reported by Salvador el al. (2011) for large irrigation districts in the Ebro Basin. 
This is probably due to the specific climatic characteristics of the study zone (i.e., lower 
precipitation and higher ET0) as well as differences in the distribution of crops. 
 
Average irrigation efficiency reached 76.1% (ranging from 75.1 to 77.0% with ±20% 
WHC tested). No significant trends were observed in the annual dynamics due to inter 
annual variation (ranging from 64.4% in 2006 to 80.7% in 2012). However, cumulative 
annual irrigation efficiency presented a significant upward trend (1.05% year-1, Table 
3). 
 
The IE reported in other sprinkler irrigation districts in the Ebro Basin presented similar 
figures (72%, Skhiri and Dechmi, 2012; 76%, Andrés and Cuchí, 2014). These values 
were higher than those obtained for flood irrigated areas (45 – 62%, Causapé et al., 
2004; 67%, García-Garizábal and Causapé, 2010). However, simple alternatives in 
irrigation management (García-Garizábal et al., 2011) or improvements in irrigation 
infrastructure (Barros et al., 2011) can significantly increase flood irrigation efficiency, 
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up to values of the same order of those obtained for pressurized irrigation. In these 
cases, the goal is to control runoff and the irrigation drainage fraction. 
 
One of the reasons why well-managed flood irrigated plots can reach high IE values, 
close to those obtained in sprinkler irrigated plots, is the absence of evaporation and 
wind drift losses. In the case of the Lerma Basin, EWDL averaged 13.5% of total 
irrigation (Table 3) and 14.7% of applied sprinkler irrigation. No significant trends were 
detected for either annual or cumulative data. 
 
The second component responsible for the loss of irrigation efficiency was irrigation 
drainage fraction (IDF), with an average value of 10.4% (ranging from 9.6 to 11.5% 
with ±20% WHC tested). The cumulative values presented significant downward trend 
(0.97% year-1, Table 3), which could be related to the decreasing trends detected in the 
flow when irrigation was consolidated (Merchán et al., 2013). IDF values were similar 
to those of other pressurized irrigation areas (11%, Skhiri and Dechmi, 2012; 12%, 
Andrés and Cuchí, 2014). Flood irrigation areas with low WHC soils can present higher 
IDF (44%, García-Garizábal et al., 2011), although the implementation of management 
improvements decreased IDF to 11 - 24%. 
 
The water deficit obtained was 17.8% (ranging from 16.6 to 19.3% with ±20% WHC 
tested). The cumulative data presented an upward trend of 0.95% year-1. WD values 
were higher than those reported in other irrigation systems (9%, Skhiri and Dechmi, 
2012; 13%, Andrés and Cuchí, 2014; 14%, García-Garizábal et al., 2011) and this was 
probably related to, among other factors, the lower water holding capacity of the soils in 
the Lerma Basin. 
 
The irrigation performance of Lerma Basin is within the observed values for other 
pressurized irrigation areas in the Ebro Basin. Regarding its temporal evolution, the 
trends for the different variables show a progressive increase in IE and decrease in IDF. 
Farmers that originally used rainfed or flood irrigation schemes may have adapted to 
new pressurized irrigation equipment and possibilities, and obtained a better knowledge 
of the system. However, an increase in WD was observed, requiring further knowledge 
to elucidate the causes. 
 
Of the main crops (87% of irrigated surface), barley, sunflower and wheat presented net 
hydric needs higher than irrigation rates, generating expected water deficits (over 20%, 
Table 4). In the case of winter cereals, the deficit occurred mainly at the end of the 
vegetative cycle. This water deficit may have affected yields (approximately 
4,500 kg ha-1, according to surveys with the farmers). However, the decrease in yield 
produced by the water deficit depends absolutely on the phase within the cycle, as 
increased productivity has been observed when small water deficits occurred in specific 
moments. Sunflower was traditionally under-irrigated, and cultivated with strong 
subsidies from the Common Agricultural Policy; in 2003 the subsidies were 
“decoupled” for particular crops (http://ec.europa.eu/agriculture). Although these 
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associated subsidies are no longer available since 2003, farmers still experience 
“inertia” regarding shifts in the traditional management of sunflower. 
 
Table 4. Number of plots available for each crop (N), area percentage, net hydric needs (HNn), 
irrigation (I), irrigation efficiency (IE), combined losses by both evaporation and wind drift of 
sprinkler irrigation (EWDL), irrigation drainage fraction (IDF) and water deficit (WD) during 
the period 2006–2013 for the main crops of the Lerma Basin. 
 
Crop N Area (%)a 
HNn 
(mm year-1) 
I 
(mmyear-1) 
IE 
(%) 
EWDL 
(%) 
IDF 
(%) 
WD 
(%) 
         
Maize 155 44.3 647 740 77.0 15.2 7.8 11.0 
Barley 31 11.6 271 177 81.2 13.6 5.2 25.9 
Sunflower 26 8.9 609 527 80.7 15.3 4.0 25.8 
Wheat 22 7.2 349 295 78.4 14.3 7.3 21.0 
Tomatoes 24 5.8 637 645 83.7 0.0 16.3 16.1 
a
 Proportion of the irrigated area. 
 
 
Maize and tomato, for which HNn were lower than irrigation rates, presented relevant 
water deficits (11.0 and 16.1%, respectively). This indicates an inappropriate irrigation 
schedule. Tomatoes presented maximum IE (83.7%), mainly due to the absence of 
EWDL, which supports the higher efficiency of drip irrigation systems (Table 4). 
However, tomatoes also presented the highest IDF due to excessive application of 
irrigation in punctual moments. 
 
Maize, the predominant crop, deserves a detailed assessment. Maize presented the 
lowest IE (77.0%) and irrigation surpassed HNn for all years, with values between 
6 and 29% higher (Table 5). Such over-irrigation of maize is reported in several other 
location of the irrigated area of the Ebro Basin (Skhiri and Dechmi, 2012; Andrés and 
Cuchí, 2014) and is a general pattern for the entire Ebro Basin (average of 20%, 
Salvador et al., 2011). This is related to the sensitivity of maize to water stress, a fact 
that is well-known by the farmers (Barros et al., 2011), who try to avoid water stress 
through excessive irrigation. 
 
Irrigation efficiency ranged from 74.1 to 80.2% and losses by EWDL ranged from 15 to 
16%, presenting low variability (CV = 3%). However, IDF ranged between 4 and 12% 
(CV = 35%) and was related to the net hydric needs (R2 = 0.78, p < 0.01): the higher the 
HNn (dry and hot years), the lower the IDF. This is due to a dryer state of soils in those 
years, along with a major effort from the farmers to achieve good water use in years of 
scarcity as also reported in other studies (Soto-García et al., 2013). 
 
The water deficit for maize averaged 11.0% (ranged from 6.4 to 14.4%, CV = 25%), 
and was negatively correlated with the over-irrigation ratio (I/HNn, R2 = 0.87, p <0.01), 
i.e., the more irrigation applied exceeding the crop requirements, the lower the water 
deficit. The obtained WD for maize was slightly lower than what was reported in other 
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irrigated areas of the Ebro Basin (13%, Andrés and Cuchí, 2014; 14%, Barros et al., 
2011). 
 
A detailed analysis of the irrigation schedule followed by different farmers is beyond 
the scope of this paper. Instead, as a conclusive summary, the most common examples 
of inadequate irrigation management are presented in Fig. 6: components of the soil 
water balance in a maize plot with sprinkler irrigation. IE in this plot reached 69.0% 
with EWDL losses (15.3%) similar to those of IDF (15.7%). EWDL were related to 
high wind speeds in the study zone. As observed in Fig. 6A, there are irrigation events 
in days with high wind speed, with an extreme case of 8 m s-1 on June 2nd. Tarjuelo et 
al. (1992) consider 3 m s-1 as a threshold over for sprinkler irrigation: above this wind 
speed value, sprinkler irrigation should not be applied. However, this threshold is hard 
to implement in windy areas such as the Lerma Basin (average wind speed 3.2 m s-1, 
Fig. 6A). Nevertheless, it would be advisable to irrigate during the night (lower average 
wind speed and higher relative humidity, Playán et al., 2005) and to avoid irrigation in 
extremely windy days to minimize EWDL. Additional measures, such as upgrading to 
drip irrigation in applicable crops could reduce EWDL. 
 
IDF was related to irrigation events that exceeded the water requirements of the crop, 
when the available water in the soil was close to its water holding capacity (Fig. 6B and 
6C). Also, some irrigation events were carried out just after important precipitation 
events (July 20th, after a rainfall event of 30 mm). However, this problem presents 
difficult solution as farmers must require water two days in advance. After irrigation is 
scheduled, there are difficulties to cancel the event due to operational system limitations 
(distance to Yesa reservoir, storage capacity of ponds). An ambitious objective would 
be to achieve null irrigation drainage although some drainage will always occur in 
connection with precipitation events, limiting the accumulation of salts in soil profiles, 
and consequently compromising yields. 
 
Finally, ETa did not reach ETC in some periods of the crop cycle (Fig. 6B), and water 
deficit occurred (14.1%) as a consequence of irrigation rates slightly below crop 
requirements and lack of available water in those periods. The average yields obtained 
were approximately 11,500 kg ha-1 (farmer surveys), with maximum yields of 
14,000 kg ha-1, which could be partially due to this water deficit. 
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Fig. 6. Components of the soil water balance during the maize crop cycle in 2006 for a selected 
plot. A: precipitation (P), irrigation (I), wind speed (WS) and evaporation and wind drift losses 
(EWDL). B: actual evapotranspiration (ETa), available water in the soil (AW), potential 
evapotranspiration (ETC) and water holding capacity (WHC). C: total drainage from soil water 
balance (DSWB) and irrigation drainage (DI). 
 
 
The exposed facts imply in the existence of margins of improvement through the 
implementation of measures to decrease both IDF and EWDL. Adjustment of irrigation 
rates to the water requirements of the crop, according to the stage of its vegetative cycle, 
will not only minimize water deficit but also reduce drainage and increase efficiency. 
For instance, the automation of irrigation in accordance with soil humidity and climatic 
sensors would enable the adjustment of irrigation to the water requirements of the crop, 
provided that the irrigation infrastructures allows for it. 
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5. Conclusion 
 
After the transition was completed (100% implementation), irrigation was the main 
water input in the basin (approximately 60%) whereas the main output was actual 
evapotranspiration (73%). Other outputs were the discharge through the Lerma Gully 
(22%) and the evaporation and wind drift losses of sprinkler irrigation (5%). Soil and 
aquifer storage were accounted for, but negligible in comparison with other components 
of the water balance. Differences between inputs and outputs were minimal, with an 
average of -1.2% across the study period, allowing for a trustworthy estimation of 
irrigation performance. 
 
The irrigation performance of Lerma Basin was within the observed values for other 
pressurized irrigation areas of the Ebro Basin. Irrigation efficiency reached 76.1%, 
while the losses of efficiency were due to evaporation and wind drift losses (13.5%) and 
drainage fraction (10.4%). A water deficit of 17.8% was estimated. The irrigation 
efficiency increased (1.05% year-1) while irrigation drainage fraction decreased 
(0.97% year-1) throughout the period 2006-2013. No significant changes in evaporation 
and wind drift losses of sprinkler irrigation were detected. Despite these facts, an 
improvement in irrigation performance was not verified, as water deficit also increased 
(0.95% year-1). 
 
It is necessary to improve irrigation management in order to continue increasing 
irrigation efficiency, while decreasing evaporation and wind drift losses, drainage 
fraction, and water deficit. Optimal water use could be achieved if irrigation rates were 
adjusted to the requirements of crops, if the irrigation infrastructure allows for it.  
 
Irrigation performance is important not only because it prevents water deficit or saves 
water. An adequate management of irrigation increases the good use of water resources 
and decreases the environmental impacts in irrigated areas, especially the leaching of 
salt and nitrates from irrigated soils, which is the objective of the second part of this 
study, presented in a companion manuscript. 
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Abstract 
 
Irrigated agriculture impacts the quality of water bodies receiving irrigation return 
flows. The leaching of salts and nitrate from Lerma Basin (7.38 km2), a newly-
implemented pressurized irrigated area in the Ebro Basin (Spain), was assessed in this 
study for the hydrological years 2004-2013, covering years before (2004-2005), during 
(2006-2008) and after (2009-2013) the implementation of irrigation. The concentration 
of salts and nitrate were measured for all the components of the water balance and the 
amounts of these pollutants coming from the irrigated surface (352 ha) were estimated. 
Besides, salt and nitrate contamination indices were computed. Under unirrigated 
conditions, the studied area exported 1.89 Mg ha-1 year-1 and 11.4 kg ha-1 year-1 of salts 
and NO3--N, respectively. These amounts increased to 3.51 Mg ha-1 year-1 for salts and 
30.8 kg ha-1 year-1 for NO3--N after the implementation of irrigation. Salt and nitrate 
contamination indices (SCI and NCI, respectively) increased by a factor of three from 
unirrigated to irrigated conditions, reaching values of 0.96 [Mg ha-1 year-1]/[dS m-1] and 
0.12, respectively. Despite these values being well under the threshold considered for 
more sustainable irrigated areas (SCI < 2.0 [Mg ha-1 year-1]/[dS m-1] and NCI < 0.2), it 
would be advisable to improve irrigation management to increase water use and 
decrease leaching. Complementary measures such as adjusting fertilization rates to 
temporal crop necessities or the use of catch crops may prove to be useful. 
 
Keywords: diffuse pollution; land use change; leaching; salinization; agro-
environmental impact.  
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1. Introduction 
 
Agriculture is recognized as the main source of diffuse pollution for both ground and 
surface water. Externalities of modern agriculture include downstream impacts on water 
quality through off-site migration of agrochemicals (e.g., Oliver and Kookana, 2012). In 
particular, irrigated agriculture causes enhanced impacts on water bodies receiving 
irrigation return flows, for surface water (Barros et al., 2012a, 2012b; Causapé et al., 
2004a; García-Garizábal et al., 2012, 2014) and ground water (Arauzo et al., 2011; 
García-Garizábal, 2012; Stigter et al., 2006). The leaching of salts and nitrate are of 
special interest when considering the main environmental impacts. 
 
The leaching of salts is a requirement of irrigated agriculture (Letey et al., 2011), as the 
accumulation of salts in soil profiles is deleterious for plants, producing productivity 
losses and even, in extreme situations, forcing the abandonment of cultivation. Thus, 
there are cases where an excess of irrigation water is necessary to leach salts. Irrigation 
return flows with high levels of salts can impact both water supply systems and 
ecosystems (Duncan et al., 2008; Nielsen et al., 2003). The actual amount of leached 
salts depends on several factors such as climate, hydrogeological conditions or 
irrigation management (Causapé et al., 2004a; García-Garizábal et al., 2012). However, 
in newly-developed irrigated saline soils, a significant decrease in soil salinity after 
several years of irrigation has been reported (Wang et al., 2012). Thus it can be 
expected that, with adequate irrigation management, salt leaching decreases over time in 
newly-irrigated saline soils. 
 
Nitrate pollution is a major concern in irrigated areas as high nitrate concentrations have 
been regarded as a threat for human health and ecosystems (Höring and Chapman, 
2004; Sutton et al., 2011). Nitrogen is usually applied to crops in excessive amounts and 
leached during main rain events, although even in adequate amounts, irrigation water 
can also produce nitrogen leaching (García-Garizábal et al., 2012; He et al., 2012). 
Additionally, water availability implies in changes in the strategies of farmers, who tend 
to grow more productive crops and, thus, increase fertilization rates (Gaydon et al., 
2012). Leached nitrogen not only supposes a loss of efficiency for the farmer’s 
investment, but also implies in an increase of nitrate concentration in irrigation return 
flows (Arauzo et al., 2011; Merchán et al., 2013). Considerable increases in nitrate 
concentration of ground and surface waters have been linked to irrigated agriculture 
around the world (e.g., Stigter et al., 2006; Thayalakumaran et al., 2008; Lassaletta et 
al., 2009). As a consequence, it is expected that the implementation of irrigation 
increases nitrogen leaching until a new equilibrium between inputs, processes and 
outputs is reached.  
 
Leaching of salts and nitrate has been studied in several irrigated areas of the Ebro 
River Basin (Spain). In these studies, differences have been reported between traditional 
flood (Causapé et al., 2004a) and modern pressurized (Tedeschi et al., 2001) irrigation 
systems. Besides, offsite pollution levels in rainfed areas can be close to those of 
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irrigated systems in areas with high rainfall (Casalí et al., 2008). Even though the results 
of these studies are reported in unitary terms, differences in climate, hydrological 
conditions, and irrigation and fertilization management hinder comparisons. However, 
studies carried out in a same area eliminate differences, and allow for differences in 
offsite pollution to be related to agricultural management, given a certain grade of 
variety due to climatic factors. 
 
In a basin where the main land use is irrigated agriculture, long term monitoring of 
irrigated agriculture is necessary to adequately assess the evolution of salts and nitrate 
leaching. In this context, the objective of this study was to assess the salt and nitrogen 
pollution induced by a newly-irrigated area during the implementation and 
consolidation phases of irrigated agriculture. This was carried out based on water 
balances performed in a companion paper for a basin meeting these requirements 
(Merchán et al. COMPANION) 
 
 
2. Description of study area 
 
The complete climatic, geographical, geological and agronomical description of the 
study area (Lerma Basin, Zaragoza, Spain) can be found in the companion paper that 
presents the first part of this study (Merchán et al. COMPANION). This section 
provides additional information on soil salinity and nitrogen fertilization, specific to the 
objective of this work. 
 
2.1. Soil salinity 
 
Maps of the apparent electrical conductivity (ECa) were generated (Urdanoz et al., 
2008; Causapé et al., 2009) to obtain better information on the spatial variability of the 
soil salinity in the basin. The maps showed that the average apparent electrical 
conductivity in horizontal configuration (ECah) of the Lerma Basin soils (Fig. 1) was 
low (0.20 dS m-1), although depressed areas at the bottom of the Tertiary valleys 
presented ECah values above 5.5 dS m-1. ECah and electrical conductivity of the soil 
saturation extract (ECe) (until 1 m soil depth) were correlated and it was verified that 
92% of soils of the study area up to this depth presented ECe below 4 dS m-1, which 
represents a soil salinity that does not affect the performance of crops in the area. 
 
The average apparent electrical conductivity in vertical configuration (ECav) for the 
Lerma Basin (0.34 dS m-1) was nearly twice that of ECah (0.20 dS m-1), indicating the 
predominance of normal profiles where soil salinity increases with depth, which is 
coherent with the proximity to Tertiary saline substrate (Plata, 2011). However, inverted 
profiles were observed in 19% of the basin surface, especially close to the gullies and in 
uncultivated areas. Therefore, despite the fact that most of the soils present low salinity, 
the presence of Tertiary materials substrata (alternating marls, clays and gypsum, ITGE, 
1988) constitutes the main source of salts. 
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 Fig.1. Apparent electrical conductivity in horizontal configuration (ECah) for the soils of the 
Lerma Basin. Selected hydrological, irrigation and monitoring features. 
 
 
2.2. Nitrogen fertilization 
 
Surveys were conducted during the years 2007, 2008 and 2012 (by phone and face-to-
face enquiries) with all farmers included in Lerma Basin. The fertilization of the main 
crops of the study area (Merchán et al. COMPANION) is presented in this section. 
Fertilization of maize represented an average of 352 kg N ha-1 year-1. The general 
agronomic management consisted of sowing fertilization with compound fertilizers 
(NPK, mainly 8-15-15 and 15-15-15), followed by multiple applications of liquid 
fertilizers (32% N: 16% urea and 16% ammonium nitrate) by “fertigation”. Winter 
cereals (wheat and barley) received 143 kg N ha-1 year-1, distributed between the first 
applications as compound fertilizers a few days before sowing and the remainder as 
urea in early spring. Fertilization of tomato was characterized by frequent applications 
of small rates throughout the cycle, with the aim of overcoming the different nutritional 
requirements of each vegetative stage. Compound fertilizers and liquid fertilizers 
(fertigation through drip irrigation systems) were mainly used, with an average annual 
contribution of 124 kg N ha-1 year-1. Finally, sunflower received an average of 
104 kg N ha-1 year-1 through two applications, the first before sowing and a side-
dressing in early June. 
 
The remaining crops constituted a minority in the Lerma Basin, associated in part with 
double cropping of a plot in the same year (Merchán et al. COMPANION). The main 
associations were peas with maize or sunflower, and winter cereal with sunflower, 
maize or other summer crops. When winter cereal was followed by maize cultivation in 
the same year and plot, N fertilization reached 410 kg N ha-1 year-1. Although existent, 
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the application of organic fertilizers such as manure or pig slurry was minimal and not 
used systematically (only in a few plots and punctually). In addition, there was no 
isotopic evidence of organic origins for nitrate dissolved in either ground or surface 
water (Merchán et al., 2014).  
 
 
 
3. Methodology 
 
3.1. Salt balance and exported nitrate 
 
Salt balances were carried out and the nitrate exported was quantified during the period 
2004–2013 for the irrigable area (352 ha). Salt and nitrate concentrations were assigned 
to the water balance components (Merchán et al. COMPANION). Null concentrations 
were assigned to evapotranspiration, wind drift and evaporation losses from sprinkler 
irrigation and storage in the soil, because these components have negligible 
concentrations or represent negligible contribution to salt balance and nitrate exported. 
 
The salt and nitrate concentrations of precipitation (P) were determined from the 
average of eleven samples collected by a pluviometer with an applied sheet of liquid 
paraffin, in the study area. Average precipitation total dissolved solids (PTDS) and 
nitrate-nitrogen (PNO3-N) concentrations were 84 and 0.1 mg L-1, respectively. The salt 
and nitrate concentrations of irrigation water were determined from the average of six 
samples taken from the irrigation canal (ITDS = 275 mg L-1; INO3-N = 0.5 mg L-1), which 
presented low variability (coefficient of variation: CVTDS = 9%, CVNO3-N = 7%).  
 
A great sampling effort was made to determine the concentration of salt and nitrate in 
the water exported from the Lerma Gully. This gully was initially sampled on a monthly 
basis until construction of the gauging station in 2005 (Fig. 1), when an automatic 
sampler (ISCO Model 3700) allowed for daily sampling. Water samples collected in the 
gully were transported to the laboratory, where the electrical conductivity of water 
corrected to 25 ◦C (EC) and nitrate-nitrogen concentration (NO3--N) were determined. 
An Orion-5 Star conductivimeter was utilized for the conductivity measurements, and 
an AutoAnalyzer 3 equipment was used to determine NO3--N by colorimetry. In July 
2010 the daily sample procedure was replaced by an automatic water quality station 
which recorded, in 10-minute time steps, EC and NO3--N through a conductivimeter and 
a Hach-Lange Nitratax equipment connected to a ad hoc designed data-logger.  
 
Seventeen water samples were selected within the range of variation of EC in the Lerma 
Gully, from which the concentration of bicarbonate (HCO3-) and dry residue (DR) were 
determined. From these concentrations, the total dissolved solids (TDS) were calculated 
from Eq. (1) (Custodio and Llamas, 1983): 
 
TDS = DR + 1/2 HCO3−        (1) 
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For these water samples, the relationship between EC (dS m-1) and TDS (mg L-1) was 
used to convert EC  into TDS through Eq. (2): 
 
TDS = 712.22 · EC − 104.83;  R2 = 0.99;   p < 0.01   (2) 
 
Eq. (2) was also used to estimate the total dissolved solids in the incoming water flows 
from the unirrigated area and water in the aquifer. The concentration of salt and nitrate 
of these waters was estimated from water samples manually collected at a gully before 
entrance into the irrigable area and in a net of piezometers. Incoming water flows from 
the unirrigated area were sampled monthly, and the salts and nitrate concentrations were 
assigned to the entire month. This component had relatively low influence on the water 
balance (6% of inputs) and therefore its influence on salts and nitrate balances is 
expected to be marginal. Variations of salt and nitrate stored in the aquifer were 
estimated through annual samples taken on October 1st, at the closure of water balances, 
and the variation in the saturated thickness in three representative piezometers (Merchán 
et al. COMPANION), located in each of the Quaternary materials units (lowest salinity 
surfaces in Fig. 1). 
 
The product of concentrations and water volumes yields the mass of salt and nitrate for 
each component of the water balance. Note that herein the mass of nitrogen is estimated 
in the form of nitrate and not total nitrogen. However, it is considered a reasonable 
approach since nitrate accounted for 90% of total nitrogen in the Lerma Basin waters 
(Merchán et al., 2014). Nevertheless, this estimation should be considered as a 
minimum, and the actual amount of N leaving the basin may be slightly higher. 
 
The difference between inputs (P: precipitation, I: irrigation, IWF: incoming water 
flows from the unirrigable area included in the basin), outputs (LG: Lerma Gully) and 
storage (A: aquifer) of the salinity balance corresponds mainly to the end result of the 
set of dissolution-precipitation processes. The influence of fertilizers was not considered 
in salt balances, since dissolution of soluble salts was the main salinization process and 
independency between nitrate pollution and salinization processes was reported in the 
study area (Merchán et al., 2015). Plant uptake of salts was considered negligible in this 
study. 
 
Inputs − Outputs − Storage = (P + I + IWF) − (LG) − (A)     (3) 
 
In the case of nitrate, the objective was not necessarily to close a balance but to quantify 
the masses exported as well as the contribution from precipitation, irrigation and the 
unirrigated area in the basin. The difference between inputs, outputs and storage can be 
attributed to the combination of nitrogen cycle components not taken into account (e.g., 
fertilization inputs, crop exports, volatilization of ammonia in mineral fertilizers, 
nitrification and denitrification). 
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3.2. Contamination indices 
 
The unit masses of exported salts and nitrate from the irrigable area (DS and DN, 
respectively) were obtained after discounting the contaminants introduced by the 
incoming water flows from the unirrigated area. Two indices proposed by Causapé 
(2009) were applied to further analyze the agro-environmental impact produced: salt 
contamination index (SCI) and nitrate contamination index (NCI): 
 
SCI = DS [Mg ha-1 year-1] / ECNI [dS m-1]      (4) 
 
NCI = DN [kg ha-1 year-1] / FN [kg ha-1 year-1]     (5) 
 
Where ECNI is the average electrical conductivity of drainage during the unirrigated 
season of every year and represents the salinity of the geological materials of a specific 
irrigated land. FN represents the fertilization needs, which were annually estimated 
from the surfaces occupied by crops, harvest production, and the nitrogen extracted by 
the crops (Orús and Sin, 2006). 
 
These two indices allow for the comparison of the impacts generated in different areas 
by irrigation. Comparison is possible as the indices adjust the exported unit masses by 
natural factors such as salinity from the local geology in the case of SCI, and climatic 
and socioeconomic factors (e.g., crops planted and respective nitrogenous fertilization 
requirements) in the case of NCI. Therefore, these indices are more permissive to 
unfavourable irrigated areas, presenting limits that well-managed irrigation areas with 
different characteristics should not exceed.  
 
 
4. Results and discussion 
 
4.1. Salts 
4.1.1. Salts balance 
 
The main entrance of salts into the system corresponded to the inputs through irrigation 
water, representing 45% of total inputs over the study period, despite the low salinity of 
irrigation water (EC < 0.4 dS m-1) (Table 1). However, water flows from the unirrigable 
zone accounted for 43% of inputs. Precipitation presented the lowest salinity 
(EC < 0.1 dS m-1) of all components considered, contributing with 12% of the salt 
inputs. Note that other salt entrances, such as those carried by fertilizers, have not been 
considered herein since the salinization of water has been mainly attributed to natural 
ongoing dissolution processes (Merchán et al., 2015). 
 
The only output of salts considered was the water drained by the Lerma Gully (Table 1). 
Before the irrigation period, an average of 3.17 Mg ha-1 year-1 was being exported 
whereas with the implementation of irrigation the output of salts increased up to 
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4.35 Mg ha-1 year-1. Such an increase was mainly due to an increase in discharges 
(Merchán et al. COMPANION) as the water salinity in the Lerma Gully decreased with 
the implementation of irrigation (Merchán et al., 2013). 
 
As occurred for the water balances previously performed in Lerma (Merchán et al. 
COMPANION) in the years when estimation of aquifer storage could be carried out, 
there were both negative and positive values, covering a range from -0.50 to 
+0.48 Mg ha-1 year-1. A clear pattern was not apparent and the value of each year was 
dependent on the specific hydrological conditions of that year. The average storage for 
the entire study period was close to zero and therefore negligible in the long term 
balances.  
 
The results of the annual balance show a predominance of dissolution processes over 
precipitation processes (IN-OUT-ST < 0, Table 1), with the only exception in 2007 
when the aquifer storage was not estimated. Under unirrigated conditions, the dissolved 
mass of salts ranged between -1.03 Mg ha-1 year-1 (212 mm of precipitation that year) 
and -2.04 Mg ha-1 year-1 (627 mm), whereas in irrigated conditions the dissolved mass 
of salts reached up to -5.54 Mg ha-1 year-1. Before irrigation, net dissolved masses 
reached -1.53 Mg ha-1 year-1, whereas at the end of the balance net dissolved masses 
reached -1.76 Mg ha-1 year-1, showing the increased dissolution caused by the addition 
of irrigation water. 
 
Causapé et al. (2004b) had already identified dissolution processes as responsible for 
increases in salt contents in another irrigated area close to the study zone, with similar 
geological settings. In addition, Merchán et al. (2015) identified the main processes in 
the same study area through an extensive geochemical sampling. They concluded that 
dissolution of halite and gypsum were the main reason for the observed increase in 
salinity.  
 
 
4.1.2. Salt Contamination Index 
 
The unirrigated years presented the lowest value of masses of salts exported in the dry 
year 2005, 1.17 Mg ha-1 (Table 2) and 2.60 Mg ha-1 in the wet year 2004, covering a 
range of unirrigated conditions. These values were lower than others reported in 
unirrigated agricultural areas with similar precipitation but more saline groundwater in 
Western Australia (2.9 Mg ha-1 year-1, Salama et al., 1993). With irrigation 
implementation, exports values up to 7.29 Mg ha-1 were reached in 2009. Before 
irrigation, 1.89 Mg ha-1 year-1 was exported whereas during the irrigated period salts 
exported increased up to 3.51 Mg ha-1 year-1. 
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Table 2. Annual and cumulative mass of exported salts from the irrigable area (DS), average 
electrical conductivity of drainage during the unirrigated period (ECNI) and salt contamination 
index (SCI) during the study years (2004-2013). Cumulative values are presented with annual 
values to facilitate comparison. 
Year DS ECNI SCI 
 Annual Cumulative Annual Cumulative Annual Cumulative 
 Mg ha-1 year-1 dS m-1 [Mg ha-1 year-1]/[dS m-1] 
       
2004 2.60 2.60 4.89 4.89 0.53 0.53 
2005 1.17 1.89 5.45 5.17 0.21 0.36 
       
2006 1.87 1.87 3.79 3.79 0.49 0.49 
2007 1.50 1.68 3.78 3.79 0.40 0.44 
2008 2.60 1.99 4.24 3.93 0.61 0.51 
2009 7.29 3.32 4.59 4.10 1.59 0.81 
2010 4.41 3.53 3.13 3.91 1.41 0.90 
2011 3.12 3.46 2.81 3.72 1.11 0.93 
2012 2.13 3.27 3.15 3.64 0.68 0.90 
2013 5.23 3.51 3.86 3.67 1.36 0.96 
       
Trenda ns ** ns *** ns * 
Slopea - +0.23 - -0.11 - +0.06 
a
 Significant trend and slope with Mann-Kendall test and Sen’s slope (Helsel and 
Hirsch, 2002). 
ns: non significant trend (p >0.1); *: p <0.1; **: p <0.05; ***: p <0.01. 
 
 
Duncan et al. (2008) reviewed several studies of salt leaching from irrigated areas in 
Australia, Spain and United States, reporting ranges of salt loads between 0.04 and 
40.9 Mg ha-1 year-1. This range was narrowed in the irrigated area of the Ebro Basin 
from 0.67 Mg ha-1 year-1 in low salinity pressurized irrigated areas (Andrés and Cuchí, 
2014) to 19.8 Mg ha-1 year-1 in high salinity flood irrigated soils (Barros et al., 2012a). 
As seen, irrigated agriculture presents a wide range of salt leaching depending on 
differences in hydrological settings, irrigation and drainage management, or climatic 
trends (Duncan et al., 2008). 
 
Increasing salt loads in Lerma Basin contrast with the decrease of salts available in the 
study zone, indicated by the electrical conductivity of the water during the unirrigated 
period, with a significant decreasing trend of -0.11 dS m-1 year-1 (Table 2). The reported 
increases in irrigation drainage with the implementation of irrigation (Merchán et al. 
COMPANION) explain the rising values of the mass of salts exported in the study area 
(+0.23 Mg ha-1 year-2) as well as the salt contamination index (annual +0.06 [Mg ha-1 
year-1]/[dS m-1]). In fact, implementation of irrigation supposed an increase from 0.36 
(unirrigated conditions) to average values of 1.23 [Mg ha-1 year-1]/[dS m-1] in the period 
in which irrigation was consolidated (2009-2013). These values were in the range of 
other pressurized irrigated areas of the Ebro Basin, where SCI values between 0.3 and 
1.7 [Mg ha-1 year-1]/[dS m-1] were obtained for low saline and very high saline soils, 
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respectively (Table 3, Andrés and Cuchí, 2014; Tedeschi et al., 2001). Flood irrigated 
areas with low and high natural salinity presented higher SCI, reaching values of 4.3 
and 10.7 [Mg ha-1 year-1]/[dS m-1], respectively (García-Garizábal et al., 2014; Barros et 
al., 2012a). 
 
Since the irrigated surface and irrigation rates have stabilized, it is expected that the 
system has reached a new steady state, and variations in the different years are due to 
variation in water availability (both by precipitation and irrigation rates). However, 
confirmation in the long term is strongly recommended (Thayalakumaran et al., 2007) 
as changes in drainage water salinity have been observed in other saline irrigation areas 
after more than 50 years of irrigation implementation (Barros et al., 2012a). 
 
 
4.2. Nitrate 
4.2.1. Exported nitrate 
 
Among the components directly estimated in this study, the most significant nitrate 
input in the Lerma Basin during the study period was irrigation water (corresponding to 
57%), followed by incoming flows from unirrigable areas (33%) and rain water (10%, 
Table 4). Annually, these percentages varied depending on the volume of rainfall and 
irrigation applied: the greatest components were rainwater and incoming flows from the 
unirrigated area at the beginning of the study (2004-2006) and then major component 
was irrigation (2007-2013). These water balance components presented low 
concentrations of nitrate (average values of 0.4 mg L-1 for precipitation water, 2 mg L-1 
for irrigation water and 8 mg L-1 for incoming flows from unirrigable areas). 
 
Before implementation of irrigation, Lerma Gully carried 14.26 kg NO3--N ha-1 year-1 in 
the wet year of 2004 and 9.27 kg NO3--N ha-1 year-1 in the dry year 2005. These values 
were higher than those observed for the first years of irrigation (2006-2007) due to 
remaining N from when the basin was rainfed-cultivated only (stored in soils and 
aquifer of the basin before irrigation implementation). The absence of fertilization 
coupled with the lack of rain caused a decrease in the nitrate exported in the years 2005 
(9.1 kg NO3--N ha-1) and 2006 (6.5 kg NO3--N ha-1 year-1). 
 
The gradual implementation of irrigation, which began in 2006, led to a progressive 
increase in the use of fertilizers in the area, increasing the nitrogen applied as well as the 
NO3--N loads in the gully. The greatest mass of nitrate flowing in Lerma Gully was 
recorded in 2009 (56.61 kg NO3--N ha-1 year-1), right after high fertilization needs 
(294 kg N ha-1) were recorded in 2008. These dynamics suggest a delay of 1-2 years in 
the response to N inputs. Until the remaining N was leached, Lerma Gully presented 
concentrations comparable to those recorded during the irrigated period, approximately 
80 mg L-1 (Merchán et al., 2013). The delay in the hydrological behaviour of N depends 
on predominant hydrological flow paths and the scale of the study zone, and thus is very 
site specific. For instance, Howden et al. (2011) reported a delay of ≈ 37 years in the N 
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hydrological response in a highly groundwater-controlled, small scale, headwater basin 
in the Thames River Basin with an average of 40 m unsaturated zone. In the Lerma 
Basin, with shallow aquifers and a high degree of connection between the aquifers and 
the gullies, the delay is minimal as exposed previously. 
 
In the years where storage could be estimated, storage ranged from values of -7.2 to 
10.0 kg NO3--N ha-1 year-1. Its accumulated value was -0.77 kg NO3--N ha-1 year-1, 
which is a significant value when compared to other considered inputs.  
 
The sum of considered inputs accounted for 12% of nitrate-nitrogen exported from the 
Lerma Gully (27.23 kg NO3--N ha-1 year-1, Table 4), providing a value for IN-OUT-ST 
of -24.00 kg NO3--N ha-1 year-1. This pattern was recorded every year, indicating that, of 
the components not taken into account, inputs (e.g., nitrogen fertilization) were higher 
than outputs (e.g., exported N in harvest, volatilization or denitrification). 
 
 
4.2.2. Nitrate contamination index 
 
Under unirrigated conditions (2004-2005), the mass of nitrate exported was, on average, 
11.4 kg NO3--N ha-1 year-1 (Table 5, cumulative value for 2005). In small basins with 
contrasting land uses, which were monitored for ≈ 10 years in other areas of the Ebro 
River Basin, N loads of 5 kg ha-1 year-1 for forests, 12 kg ha-1 year-1 for pastures and 
between 17 and 37 kg ha-1 year-1 for rainfed agriculture areas have been reported (Casalí 
et al., 2008, 2010). Similar figures were found for rainfed agriculture in other countries, 
such as Sweden, where the N leaching in 21 agricultural catchments with similar 
precipitation ranged from 6 to 32 kg N ha-1 year-1 (Kyllmar et al., 2014). 
 
With irrigation, the mass of exported nitrate-nitrogen in Lerma Basin increased 
significantly (2.6 kg NO3--N ha-1 year-2, Table 5) until reaching average values of 
30.8 kg NO3--N ha-1 year-1, with a maximum of 56.3 kg NO3--N ha-1 year-1 for the year 
2009. This average value was approximately three times the values recorded under 
unirrigated conditions. Other pressurized irrigated areas exported similar values 
(between 18 to 49 kg ha-1 year-1; Cavero et al., 2003; Andrés and Cuchí, 2014; Table 3). 
However, flood irrigated areas of the Ebro River Basin presented higher values, over 
100 kg NO3--N ha-1 year-1 (García-Garizábal et al., 2012; Barros et al., 2012b). 
 
The comparison with the net N load from cultivated areas does not take into account 
specific characteristics of the area, such as fertilization needs of different crops. 
Fertilization needs increased (8.8 kg N ha-1 year-2, Table 5) mainly during the first three 
years (2006-2008), as a consequence of the progressive transformation into irrigated 
land. Fertilization needs reached an average of 251 kg N ha-1 year-1 across the irrigated 
period, with a maximum of 302 kg N ha-1 year-1 for the last year (2013). These values 
were one of the highest reported in the Ebro Basin irrigated areas (Table 3) due to the 
high proportion of crops with high fertilization needs (e.g., maize). 
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Table 5. Annual and cumulative mass of nitrate exported from the irrigable area (DN), 
fertilization needs (FN) and nitrate contamination index (NCI) during the study years (2004-
2013). Cumulative values are presented with annual values to facilitate comparison. 
 
Year DN FN NCI 
 Annual Cumulative Annual Cumulative Annual Cumulative 
 kg NO3--N ha-1 year-1 kg N ha-1 year-1 - 
       
2004 13.8 13.8 - - - - 
2005 9.1 11.4 - - - - 
       
2006 6.5 6.5 123 123 0.05 0.05 
2007 11.6 9.1 255 189 0.05 0.05 
2008 22.0 13.4 294 224 0.07 0.06 
2009 56.3 24.1 267 235 0.21 0.10 
2010 40.2 27.3 219 232 0.18 0.12 
2011 36.6 28.9 266 237 0.14 0.12 
2012 24.0 28.2 281 244 0.09 0.12 
2013 49.0 30.8 302 251 0.16 0.12 
       
Trenda ns *** ns *** ns ** 
Slopea - +2.6 - +8.8 - 0.01 
a
 Significant trend and slope with Mann-Kendall test and Sen’s slope (Helsel and 
Hirsch, 2002). 
ns: non significant trend (p >0.1); *: p <0.1; **: p <0.05; ***: p <0.01. 
 
 
 
Nitrate contamination index gradually increased with the transformation of the basin, 
from 0.05 in 2006 to a maximum of 0.21 in 2009 (Table 5). The average for the entire 
irrigated period was 0.12 and its accumulated values were practically constant since 
2010. Therefore, the implementation of irrigation supposed an increase of 0.01 year-1. 
However, this NCI trend is lower than that observed for the exported mass of nitrate 
(2.6 kg NO3--N ha-1 year-1), as a consequence of the higher increasing trend in FN 
(8.8 kg N ha-1 year-2). In other pressurized irrigated areas of the Ebro Basin, similar 
figures were recorded (Table 3): 0.17, Andrés and Cuchí, 2014; 0.08 to 0.22, Cavero et 
al., 2003. Flood irrigated areas with lower FN (115-242 kg NO3--N ha-1 year-1) 
presented higher NCI (from 0.44 to 0.88, García-Garizábal et al., 2012; Barros et al., 
2012b). 
 
Despite the apparent stabilization in NCI, it is necessary to continue monitoring the 
area, especially considering the expected changes in fertilization management imposed 
by the designation of the study zone as a vulnerable zone to nitrate pollution (BOA, 
2009). 
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4.3. Agro-environmental assessment 
 
The values obtained for exported mass of salts and nitrate in the Lerma Basin are within 
those observed in other areas of the world. However, comparison of actual figures is 
difficult as a consequence of the different natural and agronomic conditions of each 
area. Causapé (2009) compared SCI and NCI values of different irrigated areas of the 
Ebro Basin and related them to irrigation management, concluding that SCI values 
< 2.0 [Mg ha-1 year-1]/[dS m-1] and NCI values < 0.2 are indicative of an acceptable 
water use (irrigation efficiency > 80%), with a relatively small mass of exported salts 
and nitrate for the natural and agronomic conditions of the irrigated system. 
 
In this sense, pollution indices once the irrigated area was consolidated (SCI09-13 = 
1.2 [Mg ha-1 year-1]/[dS m-1] and NCI09-13 = 0.16) were below the exposed thresholds, 
and may be probably reduced with higher irrigation efficiency, which did not reach 80% 
(Merchán et al. COMPANION). Although increases were verified in the masses of salts 
and nitrate exported during the first years of irrigation, the values obtained were still 
low considering the salinity and fertilization needs of the area. 
 
Other irrigated areas with more favourable conditions (low salinity and fertilization 
needs) presented higher pollution indices, which could be related to the management of 
the irrigated system. Data reported for several irrigation areas (Table 3) show how 
higher efficiencies in irrigation provided lower pollution indices (Fig. 2), being these 
key factors to minimize agro-environmental impacts. However, this relationship was not 
as clearly observed in the case of the nitrate pollution index as in the salt pollution 
index. Nitrate pollution is affected by several other factors, both natural (e.g., soil 
texture) and anthropogenic (e.g., fertilization management), and therefore is more 
variable. 
 
As an example of how improved management can reduce pollution indices, García-
Garizábal et al. (2012, 2014) demonstrated how small improvements in irrigation 
management incremented irrigation efficiencies in flood irrigation areas (from 56 and 
83%) and decreased SCI in 70% (reaching levels of 1.2 [Mg ha-1 year-1]/[dS m-1]) and 
NCI in 24% (reaching values of 0.67) (Table 3). In a similar way, decreases of 
approximately 50% in SCI and 56% in NCI were observed after structural and 
management improvements in another flood irrigation system, reaching levels of SCI 
and NCI of 5.0 [Mg ha-1 year-1]/[dS m-1] and 0.19, respectively (Barros et al., 2012a, 
2012b). 
 
These observations were in line with the general thinking that the adaptation of water 
application to crop needs is the most effective measure to reduce N leaching (Quemada 
et al., 2013). Thus, irrigation management appears as a key factor to improve agro-
environmental quality. Improvements in irrigation management for the Lerma Basin 
were deeply discussed in the first part of this study (Merchán et al. COMPANION). 
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Fig. 2. Relation between irrigation efficiency (IE, %) and pollution indexes: salt contamination 
index (SCI, [Mg ha-1 year-1]/[dS m-1]) and nitrate contamination index (NCI, -). Data from the 
studies included are presented in Table 3. More sustainable irrigated areas are within the zone 
with IE >80%, ICS <2 [Mg ha-1 year-1]/[dS m-1] and NCI <0.2, thresholds indicated by grey 
lines and shaded area. 
Apart from irrigation, there are other management factors affecting the leaching of salts 
and nitrate from irrigated agriculture. For instance, significant reductions in salts (from 
7.5 to 4.7-5.3 Mg ha-1 year-1) and nitrate (from 99 to 37-70 kg NO3--N ha-1 year-1) 
leaching from maize plots were observed in a treatment with two different cover crops 
(Gabriel et al., 2012a, 2012b). 
 
Moreover, the application of recommended fertilization rates decreased nitrate leaching. 
However, significant reductions in yield were observed in several trials, which could be 
avoided with optimal application times (Quemada et al., 2013). In fact, the application 
of nitrogen fertilizers over a threshold value does not increase yield significantly. 
Instead, nitrate leaching is increased (e.g., Arbat et al., 2013; He et al., 2012), with even 
decreasing yields being reported when extreme fertilization rates were applied to some 
crops (Castellanos et al., 2013). 
 
Other factors, out of the control of farmers, are also relevant to nitrate pollution. In a 
long term study carried out in similarly managed irrigated soils of the Ebro Basin, no 
leaching in fine soils and high leaching in coarse soils were reported (Arauzo and 
Valladolid, 2013). This corroborates observations made in other countries, with lower 
leaching values for clay-textured soils than for sandy soils (Kyllmar et al., 2014). 
 
Therefore the optimization of water and fertilization managements along with, when 
needed, some additional measures (such as the usage of cover crops) should be 
implemented in order to decrease agro-environmental impacts on water bodies receiving 
irrigation return flows. 
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5. Conclusions 
 
Dissolution processes were the main source of exported salts in the Lerma Basin, and 
these processes predominated over precipitation (1.76 Mg ha-1 year-1) in the salt 
balance. These exported salts evolved from 1.89 Mg ha-1 year-1 under unirrigated 
conditions to 3.51 Mg ha-1 year-1 under irrigated conditions, increasing with a rate of 
0.23 Mg ha-1 year-2. The salt contamination index was almost three times higher during 
the irrigated period (0.96 [Mg ha-1 year-1]/[dS m-1]) in comparison with the unirrigated 
period (0.36 [Mg ha-1 year-1]/[dS m-1]). Due to progressive salt washing of the study 
zone, lower increases were verified in comparison with the exported salts.  
 
Regarding nitrate exports, increases were verified from 9.1 kg NO3--N ha-1 year-1 under 
unirrigated conditions to 30.8 kg NO3--N ha-1 year-1 during the irrigated period. Nitrate 
contamination indices have increased with irrigation implementation until reaching a 
stable value of 0.12, being this value more than double of that obtained in the first years 
of irrigation.  
 
Despite SCI and NCI are within the threshold considered for the more sustainable 
irrigated areas (SCI < 2.0 [Mg ha-1 year-1]/[dS m-1] and NCI < 0.2), it would be 
advisable to improve irrigation management to increase water use and decrease 
leaching. Additionally, complementary measures such as adjusting fertilization rates to 
temporal crop necessities or the use of catch crops may prove useful. 
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IX. DISCUSSION AND CONCLUSIONS 
 
 
 
This PhD Thesis has studied the impacts of irrigated agriculture over water bodies 
receiving irrigation return flows, basically with respect to their salinization and nitrate 
pollution, two relevant environmental problems of irrigated agriculture in general and, 
specifically, in some irrigated areas of the Ebro Basin. The main points covered in the 
research correspond to the five published (or accepted for publication) papers included 
in the work. In this chapter, the joint discussion of the results and the relationships 
between the independent works are presented, followed by the main PhD Thesis 
conclusions. 
 
 
9.1. Joint Discussion 
 
The transformation to irrigated land in the Lerma Basin has produced hydrological 
changes regarding quantity and quality of water. This final discussion deals with the 
integrated results of the different aspects studied in this work and described in the 
papers. The references to the published papers included in the framework of this thesis 
are made following the notation used throughout the dissertation (e.g., Paper I). 
 
9.1.1. Water balance and irrigation performance 
 
The implementation of irrigation produced an important shift in the water balance of 
the Lerma Basin. While during unirrigated conditions precipitation was the only water 
input in the study area (with an average of 382 mm), the implementation of irrigation 
greatly increased the inputs at the basin level, raising them up to 574 mm (382 mm from 
precipitation, 192 mm from irrigation). This shift was even more acute if we consider 
only the irrigated surface, so that the average inputs rose from 382 mm (only 
precipitation) to 783 mm (382 mm of precipitation and 401 mm of irrigation, Paper IV). 
 
In general, the irrigation performance of the Lerma Basin is within the observed values 
for other pressurized irrigated areas in the Ebro Basin. Irrigation efficiency reached 
76.1%, while the losses of efficiency where due to evaporation and wind drift losses 
(13.5%) and drainage fraction (10.4%). A water deficit of 17.8% was estimated. The 
irrigation efficiency increased (1.05% year
-1
) while irrigation drainage fraction decreased 
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(0.95% year
-1
), through the period 2006-2013. No significant changes in evaporation and 
wind drift losses of sprinkler irrigation were detected. Despite these facts, an 
improvement in irrigation performance was not guaranteed, as water deficit has also 
increased (0.95% year
-1
; Paper IV). 
 
It is necessary to improve irrigation management in order to obtain higher irrigation 
efficiency, while decreasing evaporation and wind drift losses, drainage fraction and 
water deficit. Provided irrigation infrastructure allows for it, irrigation events should be 
adjusted to crops water requirements in order to obtain an optimal water use (Paper IV). 
 
In the period during which groundwater was accessible, a great dependence on the 
applied irrigation was observed, with sharp increases at the end of the irrigation season 
(Paper IV). This is probably due to certain delay caused by the unsaturated zone. Water 
applied over the necessities of the crops has to bring the soil to field capacity and 
afterwards drainage from soil or groundwater recharge is expected. However, once the 
irrigated season ended, the saturated thickness in the aquifer declined during the whole 
year until a new sharp rise at the end of the next irrigation season. Soils or aquifer 
storage were accounted for but negligible in comparison with other components of the 
water balance (Paper IV). 
 
Groundwater discharge occurred in the contact between Tertiary and Quaternary 
materials, feeding the network of gullies. During unirrigated conditions, these gullies 
constituted ephemeral streams, only active in wet periods or after important storms 
(farmer’s pers. comm.). The water stored in the aquifer was probably minimal over that 
period. With the implementation of irrigation, a significant amount of water stores in 
the aquifer and it drains slowly all around the year making the gullies to become 
perennial streams (Paper I). Diffuse surface flow occurs from the seepage in the 
Quaternary-Tertiary contact to the gullies, with numerous springs with minimal, non-
gaugeable, discharge. 
 
Consequently, the discharge in the outlet of the Lerma Basin increased after irrigation 
implementation. The increase was quantified in 3.1 L s
-1
 year
-1
 (Paper I) and was mainly 
related to increases in specific seasons, coupled with the seasonality in the irrigation 
inputs. No significant trend was detected for precipitation in the same period. In 
addition, a higher influence of irrigation water over precipitation water was detected 
through the Lerma Basin waters isotopic signature (Paper II). However, at the end of the 
study period, a decreasing trend in Lerma Gully’s flow was detected, possibly related to 
the detected decreasing trends in irrigation drainage fraction (Paper IV). 
 
During the period 2004-2013, discharge in the Lerma Gully constituted 22% of outputs, 
being the actual evapotranspiration the main input (71%). Evaporation and wind drift 
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losses of sprinkler irrigation were a significant output (7% of the outputs; Paper IV). 
Differences between inputs and outputs for the period 2004-2013 were minimal, with 
an average of -1.2% (Paper IV). 
 
As indicated above, the implementation of irrigation has modified the hydrology of the 
Lerma Basin. The addition of irrigation water greatly increased the actual 
evapotranspiration, but also caused higher levels in aquifers and higher discharge in the 
gully. 
 
9.1.2. Salinization processes 
 
Salinization processes of ground- and surface waters in the Lerma Basin were related to 
the evapotranspiration of recharge water and the dissolution of salts, mainly gypsum 
and halite available in the Tertiary substrate (Paper III). Since irrigation water was 
saturated in calcite, the dissolution of gypsum causes the precipitation of calcite and the 
concomitant dissolution of dolomite (Paper III). Cationic exchange was a significant 
process, providing Na+ and removing Ca2+ from Lerma waters (Paper III). Consequently, a 
preponderance of dissolution processes over precipitation was found for the salt 
balance in the Lerma Basin, which constituted the main source for the exported salts 
(Paper V). 
 
Sulphate was used as the primary solute indicator of salinization processes for two 
reasons: it increased more substantially from groundwater to surface waters than any 
other anion typically associated with salinization (e.g., chloride), and also allowed for 
investigation using isotopic methods. Mixing soil sulphate with the local gypsum 
sulphate explains the isotopic composition of most samples, pointing to minor influence 
of land use in the water salinization processes (Paper II). 
 
The more saline soils of the study area are located over the Tertiary materials, especially 
close to the gullies, where soil salinity profiles were inverted. Therefore, water 
salinization occurred mainly in the diffuse flow over the Tertiary materials, with small 
increases in salinity in the groundwater flow, but great increases in the diffuse surface 
flow (Papers II and III). A clear evolution from low salinity Ca2+-HCO3
- type in the input 
water to Na+-mixed-to-Cl- water type with increasing salinity was observed in water 
samples collected in the Lerma Basin (Paper III). 
 
The salinity in the outlet of the basin was modified during the study period, with 
estimated decreasing trends of 0.38 mS cm-1 year-1, what was mainly explained by a 
dilution effect (since more water was available) and by the successive wash out of the 
more accessible salts present in soils and geological materials (Paper I). This trend had a 
clear seasonal pattern, with higher and more significant trends for the irrigated period, 
i.e., when more water was available and higher flow and dilution effects occurred. 
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Despite the decreasing trend in water salinity, an increase in exported salt loads of 
0.27 Mg ha
-1
 year
-2
 was observed, which was related to the higher influence of discharge 
rather than water quality in the exported loads (Paper I). This fact suggests the 
importance of achieving an adequate water management to control pollution loads to 
downstream sensitive waters. 
 
The exported salts evolved from 1.89 Mg ha
-1
 year
-1
 under rainfed conditions to 
3.51 Mg ha
-1
 year
-1
 under irrigated conditions; values that fall within those reported for 
other pressurized irrigation systems in the Ebro Basin (Paper V). The salt contamination 
index was almost three times higher during the irrigated period that during the 
unirrigated period (0.96 and 0.36 [Mg ha
-1
 year
-1
]/[dS m
-1
], respectively) with lower 
increase than that of the exported salts as a consequence of the progressive salt 
washing of the study zone (Paper V). 
 
The main conclusion was that salinization processes are controlled by natural causes, 
i.e., it is a natural, on-going process. However, the anthropogenic impact of irrigated 
agriculture enhances this natural problem since it increases the recharge significantly 
and therefore, the salt loads to downstream water bodies. Therefore, the potential for 
remediation is slight and mainly related to a better management of irrigation water. 
 
9.1.3. Nitrate pollution processes 
 
Nitrate was the predominant form of the dissolved nitrogen, accounting for 90% of total 
nitrogen. The concentration of the remaining portion (i.e., the sum of nitrite, ammonia, 
dissolved organic nitrogen and particulate organic nitrogen) was proportionally higher in 
samples where nitrate concentrations were lower. The proportion of NO3
-
-N in total-N in 
groundwater was significantly higher than in surface water. Among different samples, 
nitrate accounted for 69–98% of all detected nitrogen (Paper II). 
 
According to available isotopic data, the origin of nitrate in the Lerma Basin is related to 
inorganic fertilization, with higher influence of ammonia/urea fertilizers than of nitrate 
fertilizers (Paper II). Ammonia and urea fertilizers are the main kind of fertilization used 
for maize (farmer’s surveys), which is the main crop present in the study zone (Paper IV). 
Nitrate fertilizers were also detected but they have lower influence in the nitrate 
concentrations of ground- and surface waters (Paper II). Organic fertilizers such as pig 
slurry or manure were not detected in the isotopic data, what is coherent with the 
minimal application reported by the farmers in the Lerma Basin. 
 
Nitrate concentration was higher in groundwater than in surface water. In the 
groundwater flow lines nitrate increased (Paper II, III). Denitrification likely accounted 
for low nitrate concentrations in the groundwater-fed surface diffuse pathway to the 
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gullies, with higher activity levels during summer’s irrigated season, as temperature 
limited biological denitrification activity during winter in these weather-exposed sites 
(Paper II). However, the reduction of N content from groundwater to surface water was 
mainly due to dilution from low-N waters coming from upper reaches. 
 
As a consequence of the practice of rainfed agriculture previous to irrigation 
implementation, nitrate concentration in the gully at the outlet of the basin was already 
high in the study zone before the implementation of irrigation. At the beginning of the 
implementation works for irrigation there was a pause in the fertilization of the 
agricultural plots in the zone. This was observed in the gully with a significant delay, 
since soil N was available for leaching and aquifer nitrate-rich groundwater seeped to 
the gullies. With time, NO3
-
 in soils and aquifers depleted and concentration in the gully 
decreased (Paper I). 
 
With the implementation of irrigation, nitrate concentrations in the gully increased 
again. Trends in nitrate in the gully of 5.4 mg L
-1
 year
-1
 were estimated for the period 
2004-2011, associated mainly to the summer months, what was related to the periods in 
which fertilizers application was higher (Paper I). The increase observed in flow and the 
increasing trend in nitrate concentration greatly increased the mass of nitrate exported 
by the Lerma Gully, with an estimated value of 2.63 kg NO3
-
-N ha
-1
 year
-2
 (Paper I). The 
increase in discharge had higher influence than the increase in nitrate concentration. 
 
Nitrate exported from the irrigable area increased from 9.1 kg NO3
-
-N ha
-1
 year
-1
 under 
unirrigated conditions to 30.8 kg NO3
-
-N ha
-1
 year
-1
 during the irrigated period, which 
falls in the range of the values reported for other pressurized irrigation systems in the 
Ebro Basin (Paper V). Nitrate contamination indexes have increased with irrigation 
implementation up to a stable value of 0.12 which is more than double compared with 
the first years of irrigation (Paper V). 
 
The main conclusion is that nitrate pollution processes are controlled by the input of 
inorganic fertilizers and some influence of the natural attenuation capacity of the study 
area. An adequate management of both irrigation water and fertilizers can minimize 
nitrate pollution to downstream waters bodies. Besides, the enhancement of the natural 
attenuation capacity may be a useful tool to decrease nitrate leaching from irrigated 
areas. 
 
 
9.1.4. Relationships between water quantity and quality 
 
Environmental impacts of agriculture management are often considered isolated but, in 
fact, they are highly interrelated. Each issue has been treated separately so far in this 
chapter but the aim of this section is to provide the relationships detected between 
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water use, salinization and nitrate pollution processes in the Lerma Basin. In this sense, 
no significant relationships were found between precipitation and other hydrological 
variables of interest. However, significant relationships were found between irrigation 
volumes and flow and exported loads of salt and nitrate, highlighting irrigation as a 
controlling factor of the observed changes (Paper I). 
 
Salinization and nitrate pollution were found to be independent. While salinization was 
related to the presence of soluble salts, nitrate pollution was associated to agricultural 
land use in the study zone (Paper III). Despite the fact that salt contamination index 
(0.96 [Mg ha
-1
 year
-1
]/[dS m
-1
]) and nitrate contamination index (0.12) were inside the 
threshold considered for the more sustainable irrigated areas (SCI <2.0 [Mg ha
-1
 year
-
1
]/[dS m
-1
] and NCI <0.2), an improvement in the irrigation management would be 
advisable in order to increase the water use and decrease the leaching. Additionally, 
complementary measures such as adjusting fertilization rates to temporal crop 
necessities or the use of catch crops may prove useful (Paper V). 
 
9.1.5. Future work 
 
Salinization and nitrate pollution are really challenging problems in irrigated areas. 
However, there are other environmental issues that have not been directly addressed in 
this study. For instance, the impacts of phosphorous, pesticides or heavy metals are out 
of the scope of this research, but they present interesting and relevant environmental 
problems of irrigated areas that should be addressed in future works. 
 
Long term monitoring seems to be a paramount requirement to fully understand the 
impact of different land uses over water quality, since short data series are not 
representative due to the climatic variability and management differences. Therefore, it 
is important to continue the monitoring of agricultural basins in order to estimate long-
term pollution rates and trends. 
 
 
 
 
 
 
 
 
 
 
 
 
 
162
Hydrological Assessment of a Newly Implemented Irrigated Area in Spain: 
          Salinization and Nitrate Pollution from Irrigation Return Flows
  
9.2. Final Conclusions 
 
• Irrigation implementation produced increasing trends in gully flow and 
nitrate concentration, whereas the salintiy decreased over the study period. 
The loads of salts and nitrate increased over time, since they were mainly 
controlled by discharge volume rather than by solute concentrations. 
• Irrigation had a higher influence than precipitation in the hydrology of the 
basin, controlling groundwater and surface water quantity and quality. 
• Salinization and nitrate pollution processes were found to be independent, 
with differences in the controls of low-salinity high-nitrate groundwaters and 
higher-salinity lower-nitrate surface waters. 
• Salinization is a natural process controlled by the dissolution of halite and 
gypsum, and cationic exchange. However, the presence of irrigation water 
favoured higher loads of salts leaving the basin via the Lerma Gully. 
• Nitrate pollution is controlled by the input of ammonia and urea fertilizers. 
Groundwater presented higher nitrate concentrations than surface water as 
a consequence of dilution from upper reaches water and, in some degree, 
denitrification in the diffuse surface flow. 
• Irrigation performance slightly increased over the study period, but there is a 
wide margin of improvement that could be reached with a more adequate 
irrigation management. 
• The mass of salts exported from the irrigable area has multiplied by a factor 
of three from rainfed to irrigated conditions. However, salt pollution was in 
the lower range of those reported for other irrigated areas in the Ebro Basin. 
• The mass of nitrogen exported from the irrigable area has multiplied by a 
factor of three from rainfed to irrigated conditions. Nitrate loads were in the 
lower range of those reported for irrigated areas in the Ebro Basin. 
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The shift from rainfed to irrigated agriculture modies the water balance along with the 
leaching of salts and nitrogen in agricultural areas. This thesis evaluated the hydrological 
eects of irrigation implementation in a semi-arid small basin in Spain. Trends detection and 
quantication, stable isotopes analysis, hydrogeochemical characterization, assessment of 
the use of water in irrigation, and quantication of the mass of exported pollutants from the 
irrigable area were used to deep in the knowledge of the hydrological processes involved. 
The implementation of irrigation imposed relevant hydrological changes in the basin, 
increasing its mass of exported pollutants. Several natural and management factors may 
inuence these processes, and their understanding is important in order to achieve a more 
ecient use of water and fertilizers, and an environmental friendly irrigated agriculture. 
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